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Abstract

This thesis is based on the development of p-type dye-sensitized semiconductor electrodes
decorated with silver particles for use in the photoelectrochemical reduction of carbon dioxide. The
major achievement of my work was to deposit silver particles onto the dye-sensitized semiconductor
electrode through a photoelectrochemical reduction process and to study the effects of different
conditions of concentration and time on silver deposition. The deposition of silver particles onto a
dye sensitized semi conductor electrode has been done for the first time to our knowledge unlike
the metal particle deposition on bare semiconductors in the past. The use of the dye reduces the

overall band gap of the system and carbon dioxide reduction can be carried out with less
negative potential as the dye inject the hole into the conduction band of nickel oxide at the
application of a less negative potential. The p-type dye-sensitized electrode decorated with silver
was also used to reduce carbon dioxide and the products were analyzed with gas chromatograph
and NMR spectroscopy.
The thesis includes the selection of the most appropriate dye to sensitize the nickel oxide
semiconductor electrode, the development of the photoelectrochemical method to deposit the
silver on the sensitized semiconductor and the quantification of silver deposited. Also the dye
sensitized electrode decorated with silver was tested for carbon dioxide reduction.
In Chapter 1, the motivation for conducting the research is described and literature concerning with
the on-going research on the topic of photoelectrochemical reduction of carbon dioxide was
reviewed.
In Chapter 2, the details related to all the materials, experimental set-ups and equipment used for
the research have been described.

In Chapter 3, a detailed study has been described to select the most suitable dye to sensitize the
nickel oxide semiconductor nano-layer. The selection criteria was based on dye desorption behavior
in different electrolytes chosen the reduction of carbon dioxide experiments and the performance in
p-type DSSC.
In Chapter 4, a detailed experimental procedure has been described to deposit silver particles on dye
sensitized nickel oxide layer through a photoelectrochemical process. The quantity of silver
deposited on the electrode surface was also calculated through three different techniques. The
effects of different concentrations of silver salt in the deposition bath and the deposition time on
the morphology of silver deposited on the electrode have also been explored.
In Chapter 5, the use of p-type dye-sensitized photocathode for the photoelectrochemical reduction
of carbon dioxide has been described in detail. The analyses of the gaseous and liquid products have
been done by gas spectroscopy and NMR spectroscopy respectively. A large current during the
process represented an activity happening in the system however no products have been identified
in the analyses of post-experimental products.
Chapter 6 presents conclusions for the whole thesis and recommendations for future work that can
be built upon this study.
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Chapter 1: Introduction
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1. Introduction and background
In today’s industrialized world, chemical industries are heavily reliant on fossil fuel feed-stocks such
as crude oil, coal and natural gas. But rapidly reducing fossil fuel resources have called attention to
the need for alternate and sustainable fuels so that the industrial processes requiring these fuels can
keep on going. Shafiee et. al. have devised an econometric model based on consumption and prices
of oil, coal and natural gas between 1980 and 2006, and calculated the depletion times of these
resources to be 35, 107 and 37 years respectively [1]. If no steps are taken to address this issue, then
there can be grave socio-economic and political crisis in the near future as the global security and
trade of modern nation states are heavily dependent on a smooth supply of fossil fuels [2].
Fortunately, the global community is taking an active role to curb this energy crisis by redesigning
and optimizing the existing energy technologies, devising better management of energy resources
and developing new alternate energy technologies. Examples include the improved designs of
internal combustion engines [3], better energy management software [4, 5] and investment in solar,
wind and other renewable energy technologies [6, 7].
Another big concern for the world today is climate change, for which emissions of greenhouse gases
are known to be a major driver [8]. Greenhouse gases are produced on the burning of fossil fuels.
These greenhouse gases consist of oxides of carbon, nitrogen and sulphur alongside major quantities
of water. The emission of CO2 etc. can be controlled however the release of water is affected by the
feedback effect of these carbon containing compounds. These greenhouse gases trap the black body
radiations and increase the temperature of earth causing global warming [9]. If unchecked, this
climate change can have catastrophic effects on the global ecosystem much like the same as the
depletion of fossil fuels [10, 11]. Thomas et. al. have shown that there is a probability of extinction of
15 – 37 % of species living on earth’s terrestrial surface by 2050, at the current pace of climate
change [12]. Another study shows a threat to one out of every six species if the global temperatures
rise under current policies [13].
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In view of these two problems it is imperative to strive for alternate fuels and chemical feed-stocks
which are renewable and sustainable at the same time.

1.1. Carbon dioxide (CO2)
Carbon dioxide is a gas present in low concentrations in earth’s atmosphere. The major natural
sources of carbon dioxide in the atmosphere are volcanic eruptions and respiration processes of
aerobic living organisms. However with global industrialization systems some of the biggest carbon
dioxide emissions come from burning of fossil fuels for power generation and transport. According
to the Environmental Protection Agency (EPA) in USA, the carbon dioxide accounts for 82% of all
greenhouse gases emitted into atmosphere is illustrated as a pie chart in Figure 1.1.

Figure 1.1. Mass emission of different greenhouse gases. Taken from US EPA [14].
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Carbon dioxide emissions have increased by 29% between the years 2000 and 2008 with a
considerable share from developing economies [15]. In Europe only, according to estimates of the
European Commision, 75% of the total energy is spent on the production of 26 chemical compounds.
This contributes to 90% of the 1.5 million tonnes (MT) of greenhouse gas emissions from Europe
[16]. If the same trend continues then these emissions will be 200 million tonnes (MT) by 2050 [16].
The increasing concentration of carbon dioxide in the atmosphere may be exploited to produce high
grade carbon feedstocks that can be utilized for industrial processes simultaneously decreasing
environmental pollution.

1.2. Different Methods for Carbon dioxide Reduction
Many different methods are being researched to convert carbon dioxide into fuels, however each
method has its own advantages and disadvantages [17, 18]. Some of them are listed in Table. 1.1.

Table. 1.1. Methods to convert carbon dioxide into other chemicals [17].
Technique
Advantages
Disadvanatages
Chemical

Carbon dioxide can be directly Carbon dioxide utilization is
used for the process. Major low as compared to other
products
carboxylic

include
acids,

urea, processes.

The

process

carbonate development costs are high.

etc.
Thermal

Thermal reforming process can High temperature and enegy
be used to produce syngas are required to drive the
which can be easily converted process. Also require catalysts
into liquid products as well.

that may be expensive.
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Biochemical

Less

external

energy

is The system is highly affected

required to drive the process. by temperature, pressure and
Productivity can be increased pH conditions. Low conversion
by injection CO2 directly. Algae efficiency.
is used which is cheaper as
compared to metallic catalysts

1.3. Techno-economic Analysis
The techno-economic feasibility of solar electrocatalytic carbon dioxide reduction into carbon
monoxide has been reported [19, 20]. Luna et. al. have performed a comprehensive study and
calculated the cost of synthesied carbon monoxide as a function of energy conversion efficiency and
electricity cost as shown in Figure 1.2.

Figure 1.2. Electrosynthesised carbon monoxide cost as a function of energy conversion efficiency
and electricity cost. Taken from [21].
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In this case, the price of pure CO2 was assumed to be $30/tonne, faradaic efficiency of CO2 to CO to
be 90% at a current density of 500 mA/cm2. Additionally they assumed the electrolyzer cost to be
$300/kW and plant lifetime to be 30 years [21]. From Figure 2, it is seen that when the electricity
cost falls below 4 cents/kWh and efficiency is above 60%, the cost of electrosynthesised carbon
monoxide becomes competitive with carbon monoxide synthesised directly from fossil fuels
resources. From this analysis, it is reasonable to assume that solar electrosynthesised carbon
monoxide can be a good alternative to the current technologies as it can be market competitive and
environmentally beneficial. As the sunlight is free, and its energy is used to drive a current of 500
mA/cm2 at 2 V instead of 2.4 V then the efficiency of the system can be significantly increased.

1.4. Electrocatalytic reduction of Carbon dioxide
Electrocatalytic transformation of carbon dioxide into carbon feedstocks and products can be
considered as one of the best options among the renewable energy technologies [22, 23]. This is
due to the fact that electrochemical methods do not require any fossil fuel burning to drive the
reactions as carbon dioxide can be captured from the atmosphere through different carbon capture
technologies [24]. The transformation of carbon dioxide into products such as carbon monoxide (CO)
and formic acid is easier on simpler metallic catalysts like silver, gold etc. with high selectivity,
however the production of chemicals like methane, methanol or ethanol etc. is relatively difficult
due to the following three reasons:
1. Poor selectivity due to a complex reaction pathway that requires more proton coupled
electron transfers [25].
2. The diminishing of energy return per the number of electrons transferred [20].
3. Efficient product separation with the requirment of unreacted carbon dioxide recycling [26].
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Electrocatalytic conversion of carbon dioxide into chemical feedstocks requires a potential input (For
example, -0.6V in the case of electrodes made of silver derived from silver oxide, with 80% efficiency
towards CO [27]). This voltage can be obtained by connecting it to renewable energy resource like
photovoltaics and wind turbines. Solar energy technology has been widely utilized to generate
electricity in the form of solar cells. The same electricity can be attached to electrolyzers to convert
carbon dioxide into solar fuels [28].
Various models for the reduction mechanism of carbon dioxide to carbon monoxide have been
proposed and generally take a two electron transfer approach [29]. A first electron is transferred to
the surface of carbon dioxide molecule and a CO2●- radical is formed. Then this radical is absorbed
on the surface of catalyst where it takes an extra negative charge, promoting protonation to form
*COOH intermediate. Following this further proton-coupled-electron-transfer reactions occur and
CO molecules are desorbed from the surface [30]. The reactions can be summerized as:

CO2 + e- → *CO2*CO2- + H+  *COOH
*COOH + e- + H+  CO + H2O

The potentials required for to electrocatalytically reduce carbon dioxide into some of the products
are given in table 1.2.
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Table 1.2. Thermodynamic potentials vs. NHE for different reduction products of CO2.
Taken from [31].

1.5. Light-assisted electrochemical conversion
Light-assisted electrochemical conversion of carbon dioxide into carbon monoxide can be done by
three methods:

1.5.1. Photovoltaic assisted electrochemical CO2
conversion
As already mentioned that PV assisted carbon dioxide conversion utilizes solar energy in an
indirect way to generate electrons in a solar panel and then the electrons are transported to
a physically separate cell to reduce carbon dioxide. A schematic for the Electrochmical
reduction system is shown in Figure 1.3.
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Figure 1.3. Electrochemical reduction of carbon dioxide. Taken from [29]

PV assisted electrochemical CO2 reduction can be carried out in aqueous or non-aqueous
solvents (containing a proton source). The main drawback of using an aqueous solvent is the
low solubility of carbon dioxide, therefore an increase in pressure is required to ensure the
conversion [32]. Carbon dioxide has high solubility is non-aqueous solvents such as di-methyl
formamide, propylene carbonate and methanol where the CO2 saturation concentrations
are 20, 8 and 5 times higher respectively. Among these non-aqueous solvents, ones with low
proton availability like DMF favor the formation of CO [33]. However solubility is not the
only factor considered as high solubility requires high current density as well which leads to
high ohmic losses. The addition of a supporting electrolyte like tetrabutylammonium salts
(like TBAPF4 and TBAClO4) and lithium salts (like LiBF4 and LiCLO4) in methanol might be
added in the electrolyte to balance the two aspects [34, 35]. A number of metals like
titanium, copper, iron, cobalt, nickel, molybdenum, tungsten, platinum, palladium, mercury
etc. have been used either by themselves or in combination with complexes as co-catalysts
like pythalocyanin etc. have been used as electrodes for CO2 reduction. Silver (Ag), gold (Au)
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and zinc (Zn) are the most common metalllic catalysts for highly selective conversion of CO2
into CO [36].

1.5.2. Photochemical CO2 conversion
Photochemical or photocatalytic conversion utilizes solar energy to convert carbon dioxide
into carbon monoxide using a photocatalyst without any external electrical energy input.
This approach provides an additional benefit for relatively pure products as there is no
hydrogen evolution reaction as in the case of electrochemical reactions [37]. The reduction
process can be homogeneous or heterogeneous. In homogeneous reduction process the
reactants and the catalysts are in the the same phase while in the heterogeneous reduction
they are in different phases [17]. The use of different semiconductor photocatalysts give
different products in different conditions. For example, CO and CH4 are the main products of
gas-phase systems while methanol and formic acid are the products of liquid phase systems
[37, 38].
The mechanism of photocatalytic reduction for carbon dioxide can be generalised in four
steps. First, the photocatalyst absorbs a photon, thereby promoting an electron from the
valence band (VB) to the conduction band (CB), leaving behind holes in the VB. Secondly,
electron-hole pairs are able to dissociate and migrate, eventually finding the surface of the
catalyst or being extracted to an external circuit. (dependent on there being an energetically
favorable sink). Third, the negative electron site reduces the carbon dioxide into carbon
monoxide. This reaction relies on two electrons and two protons. One of the important steps
is the hole diffuses to somewhere (possibly on the same material, possibly a second, directly
connected, material or possibly to another material connect via an external circuit) where
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protons can be generated. In the case of water as a proton source, this also generates O2
[39]. The mechanism for the process can be seen in the form of a schemetic in Figure 1.4.

Figure. 1.4. Mechanism of CO2 reduction. Taken from [39]

In theory the production of CO is easier as compared to methane as the latter requires the
generation of eight free electrons as compared to the two for the former. Titanium dioxide
is the most studied photocatalyst due to its band energy 3.2eV, non toxic nature and low
cost [40]. However, the carbon dioxide conversion on TiO2 catalyst is low due a large
bandgap of 3.2 eV which allows the absorption of UV radiations only [41]. Significant
research has been done to enhance the photocatalytic properties of TiO2 by various
methods; introducing oxygen vacancies, impurity doping, alkali modification and making
heterojunctions to name a few. Oxygen vacancies enhance the light absorption and also
provides more active sites for cabon dioxide reduction to take place [42] TiO2 crystals having
oxygen deficiencies, synthesized by hydrothermal method using TIPP and HF, gave a
production rate of 27 µmol/g for CO, which was 4 times more as compared to the single
(001) or (101) facets [43]. This was attributed to the formation of defect states (Ti3+) which
enhance the visible light response as well as being active sites themselves. Ce-TiO2 produced
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via sol-gel process increased CO production by four fold as compared to only TiO2. The
addition of mesoporous silica, SBA-15 to make a composite with the same cerium doped
TiO2 increased the CO production by 8-fold as compared to Ce-TiO2 [44]. This increase was
also attributed to the increased surface area of the catalyst. As the CO2 turns the electrolyte
medium, the pre treatment of TiO2 with alkali sorbents enhances the CO2 adsorption rate,
which in turn increases the carbon dioxide conversion [45]. The NaOH modified TiO2
synthesized by calcination in 3% NaOH aqueous solution increased the photoreduction of
carbon dioxide [46]. Combining TiO2 with other semi conductor materials can also be
beneficial as this enhances the electron-hole pair separation. For example a CO yield of
18.75 µmol/g.h was achieved when TiO2 was coupled with N doped LaFeO3 [47]. Besides TiO2
other materials used for CO2 reduction to CO are MgO, ZnO, NiOx , CdS, graphene etc. [4850]. A schemetic for the photochemical process is shown in figure. 1.5.

Figure. 1.5. Schematic for representation of photochemical reduction of carbon dioxide
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1.5.3. Photoelectrochemical CO2 conversion
Photoelectrochemical conversion is a technology that incorporates aspects from both
photocatalysis and electrocatalysis. In PEC systems there is an oxidation of water at the
photoanode and the reduction of carbon dioxide at the photocathode. This hybrid approach
has an advantage that the external energy input is decreased as the energy from photons is
also utilized to help drive the reactions. Moreover, the production of two products at
separate electrodes makes it easier to obtain relatively pure products as compared to a
photochemical processes performed on one material.
The PEC operation starts with the photoexcitation of photoelectrode immersed in an
electrolyte, promoting an electron from VB to the CB and consequently generating a hole in
VB. Photogenerated electrons and holes accumulate at the surface of electrodes due to the
external voltage and finally reduce the carbon dioxide and oxidize the water. However, a
competition of H2 with CO maybe observed which can lead to limitations in faradaic
efficiency of CO [51]. A schematic of a PEC with both photocathode and photoanode is
shown in Figure 1.6.
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Figure 1.6. Photoelectrochemical system showing photooxidation of water and photoreduction of
CO2 . Taken from [51]

The CO2 molecule has two extremely stable C double bonds with O which require a
dissociation energy of 750 kJ/mol. Moreover due to the high valence state of carbon (+4) it
can result into the formation of a variety of products like methane, formaldehyde, formic
acid, methanol etc. [52]. As shown in Table. 1.2., the potential required to form CO2●- (the
first step to CO2 reduction, also known as the rate limiting step for aprotic solvents [53]) is
more negative than the potentials for the other compounds at room temperature, hence it
is important to design catalysts which can initiate the process relatively easy.
Similarly the CB and the VB of the most commonly used semiconductors are below relative
to the standard redox potential of CO2 reduction as shown in Figure. 1.7.

15

Figure. 1.7. CB and the VB of some commonly used semiconductors along with the standard redox
potentials of various CO2 reduction products. Taken from [51]

From Figure 1.7 it can also be seen that the redox potentials of many reduction processes
are also close to that of hydrogen generation. These reactions also proceed via protoncoupled electron transport (PCET) processes which can bypass the need to form CO2●- radical
[54]. Hence there is a strong competition among different reactions. In this scenario the
choice of electrolyte, electrode materials and the environmental conditions of temperature
and pressure play a vital role to controlling these reactions.
From previous reports it is well established that the increase of pressure enhances the rate
of carbon dioxide reduction while the increase in temperature has an inverse relation to
carbon dioxide reduction [55, 56]. Both of these cases are related to the solubility of carbon
dioxide into the electrolytes as discussed before in section 1.5.1. Juliana et. al. and her team
have also reported using p-type Cu/Cu2O that the pH of the electrolyte can change the
reaction pathways to favour different products [57].
The most common solvent for photoelectrochemical reduction of carbon dioxide is water as
it is also a source of protons [58]. However due to the low solubility of CO2 in water, organic
solvents like acetonitrile, methanol, N, N-Dimethylformamide (DMF) with proton sources
like water or triethanolamine are also used [59, 60].
In photoelectrochemical systems for the reduction of carbon dioxide, three different kinds of
approaches have been utilized; (i) Photocathode with a dark anode, (ii) Photoanode with a

16
dark cathode and (iii) a combination of both photocathode and photoanode. These are
shown in Figure 1.8.

Figure 1.8. Schemetic of PEC systems. (A) Photocathode with dark anode, (B) Photoanode with
dark cathode, (C) A combination of both Photocathode and Photoanode. Taken from [61].
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The most studied of the three PEC systems is the one with a photocathode and a nonphotoactive anode. This is the configuration used in this thesis, and therefore the
arrangement focussed on in the following sections of this literature review. The first material
reported as photocathode for these reactions was p-GaP semiconductor, with water as an
electrolyte [62]. In recent times many other semiconductors like p-GaAs, p-InP, N-doped
Ta2O5 , p-NiO, Cu2O, ZnTe and others have been used in PEC systems [63]. These
semiconductors have very good light harvesting capabilities, but in most of the cases an
additional co-catalyst is required to reduce carbon dioxide. 1D structures such as p-Si
nanowires have been shown to reduce CO2 into CO at 7.3% faradaic efficiency at a voltage of
-1.5V vs. SCE [64]. Garcia-Esparza et al. reported the use of CuO nanowires with Cu2O and Cu
foil photocatode and 0.1M KHCO3 electrolyte to produce CO with 60% selectivity at -0.6V vs.
RHE [65]. The deposition of metal nanoparticles is also advantageous towards reduction of
carbon dioxide as some of the metals like Ag, Au and Pd are widely used as CO2 reduction
catalysts [66]. Table 1.3 shows the faradaic efficiency of products of CuO/Cu2O films
decorated with different metal particles.

Table. 1.3 Products of metal decorated CuO/Cu2O films [66]

Metal complexes like ZnDMCPP–Re(bpy) (NHAc) (5-{4-[N-4-(rhenium(I) tricarbonylchloride4-acetylamino-2,2-bipyridyl)

-carbamoyl]

phenyl}-

10,20-dimesityl-15-

(4-carboxy)

phenylporphyrinatozinc(II) ) complex sensitized p-NiO reduces CO2 into CO with FE of 6.3%
in an electrolytic combination of Bu4NBF4 in DMF [60]. Similarly the use of Re(bipy-
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tBu)(CO3)Cl immobilized on TiO2 modified Cu2O with Bu4NBF4 in CH3CN produces CO with
80 – 95% FE [67]. A recent approach to develop photocathodes is by incorporating enzymes
on the electrode surface. [68].

1.6. P-type dye sensitized solar cell
P-type dye sensitized solar cells are similar to the more widely reported n-type dye sensitized solar
cells [69, 70] in structure as both contain a sandwich structure consisting of active photoelectrode
(photocathode in the case of p-type DSSC), a counter electrode (most commonly platinum) and an
electrolyte in between. The main functioning parts of p-type DSSC consist of (1) conductive glass
substrate, (2) a film of nanostructured p- type semiconductor, (3) sensitiser molecules to absorb
light, (4) counter electrode with platinum coating, and (5) the electrolyte. The main difference
between n-type and p-type DSSCs is that the flow of current through the external circuit is in the
opposite direction in both cases. In the case of n type DSSC, the current flows from cathode to the
anode while in the p-type DSSC the current flows from anode to the cathode. Figure 1.9 shows the
basic structure of p-type DSSC.
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Figure 1.9. Schematic illustration of p-type dye sensitized solar cell processes where red lines
represent the photocurrent generation while dashed black lines represent recombination
pathways. Taken from [71].

The basic processes that take place in a p-type dye sensitized solar cell can be summarized as: the
absorption of photon excites the dye molecules and it injects a hole into the valence band of the
semi-conductor (in other words the electron is transferred to the dye molecule). The regeneration of
the reduced dye molecule occurs by electron transfer to the oxidized mediator in the electrolyte.
The holes in the semiconductor get reduced by the current that is produced by the diffusion of
reduced species from the electrolyte into the platinum anode. Taking examples of NiO
semiconductor and I3—mediator:
1. Excitation:

Dye/NiO + hv → Dye*/NiO

2. Hole injection:

Dye*/NiO → Dye- /NiO + h+ (NiO)

3. Dye regeneration:

Dye- /NiO + ½ I3-- → Dye/NiO + 3/2 I-

4. Recombination:

h+ (NiO) + Dye- /NiO or 3/2 I- → Dye/NiO or ½ I3-

5. Redox regeneration:

3/2 I- → ½ I3- + e—(counter electrode)
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The selection of good p-type semiconductor is based on high surface area which can provide a large
surface area for the dye molecules to attach and at the same time be resistant to photocorrosion.
The valence band of the semiconductor also plays an important role in the device to work efficiently
[72]. It is necessary that the VB of the semiconductor is positive as compared to the HOMO level of
the dye and the LUMO level of the dye should be more negative that the redox mediator. There is a
limited number of p-type semiconductors reported to date. NiO is most common p-type
semiconductor being used these days. It has a band gap of 3.6 eV, good chemical and thermal
stability, good transparency and can be easily prepared. It has a valence band at 0.54 eV vs. NHE at
pH 7 [73].

1.6.1. Dye molecules for p-type NiO DSSC
The molecular structure of the sensitizer/dye plays a vital role in the functioning of DSSC. It is the
dye that absorbs the photon and initiates the charge separation at dye/ semiconductor interface.
Hence in order to gain the best solar cell performance, the relation between the photosensitizer
structure and the semiconductor has to be the most optimum. The requirements for optimum
performance are as below.
The first p-type DSSC was prepared by Lindquist and co-workers in 1999. They reported devices
based on the sensitization of nickel oxide by tetrakis (4-carboxyphenyl) porphyrin (TCPP) and by
erythrosin B [74]. The photocurrent observed in the cell was suggested to be by the hole injection to
the NiO valence band. However the photovoltaic properties of the cell were quite poor. The peak
Incident photon-to-current efficiency (IPCE) and the overall conversion efficiency for TCPP were
0.24% and 0.0033% respectively, while for erythrosin B they were 3.44% and 0.0076% respectively.
The structures for TCPP and erythrosin B are shown in figures 1.10 and 1.11.
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Figure 1.10. Structure of tetrakis (4-carboxyphenyl) porphyrin (TCPP)

Figure. 1.11. Structure of Erythrosin B

In 2005 another study was published in which Coumarin 343 was used with NiO nanoparticles to
investigate the hole injection phenomena through transient absorption spectroscopy. It was found in
the study that the hole injection into the valence band was very fast ~210 fs however the reduced
Coumarin 343 also combined with the injected hole within 1 ns [75]. This fast recombination was
concluded to be one of the main reasons why the photoconversion efficiency was so low. In fact this
recombination was three times faster than the n-type DSSCs [76]. Later it was found that the use of
peryleneimide sensitizers sensitized with naphthalenediimide makes the control of the charge
recombination kinetics easier. In this case the naphthalenediimide unit acts as an electron acceptor,
there is a sufficient time for electron transfer to the electrolyte [77]. The use of dyad based
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sensitizers and cobalt based mediators proved to be beneficial as the open circuit voltage rose to Voc
= 0.35V which was a threefold increase in energy conversion efficiency [78].
The main factors to be considered while designing the dye for p-type DSSC include; the photon
absorption capacity in visible and near IR region, high extinction coefficient, strong anchoring units
(like carboxylic acids, pyridines, phosphonic acids etc.) and a HOMO level of dye more positive than
the valence band VB of semiconductor and the LUMO more negative than the redox potential of
electrolyte, so that an efficient charge transfer take place [79-81].
The attachment stability of the sensitizer on the p-type NiO semiconductor is important as this
directly contributes to the hole injection properties of the system. The adhesion of the dye to the
NiO surface may be carried out by its anchoring group [82]. This adherence is done by a number of
different types of forces like covalent bonding, electrostatic interaction, hydrogen bonding, van der
Waal’s forces or physical attachment [83]. Apart from adherence the anchoring group also provide a
strong electronic coupling with the semiconductor that ensures the fast injection of hole from the
dye to the valence band of the semiconductor [72]. Most commonly used anchoring groups are
carboxylic acids [84].

1.6.2. Device characterization for p-DSSC
Following procedures are used to characterize the p-DSSC devices.
The main parameters used to characterize p-DSSC are calculated using a current-voltage (JV)
spectrum as shown in figure 1.12.
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Figure 1.12. current-voltage (JV) spectrum. Taken from [85]

The main parameters for p-DSSC include
(i)

Open circuit voltage (VOC): cell voltage at zero current.

(ii)

Short circuit current (JSC): cell current at zero voltage.

(iii)

Fill Factor (FF): the ratio of maximum power output to the VOC and JSC product.
------(1.1)

(iv)

Energy conversion efficiency (ɳ): the ratio of maximum power and the incident power.
-----(1.2)
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1.7. P-type dye sensitized photocathodes for PEC system
As discussed in the section 1.5.3. various photocathodes can be a good for PEC systems for carbon
dioxide reduction. It has also been discussed in section 1.6. that the use of sensitizers increase the
light harvesting efficiency of the semiconductors. Combinig the two approaches it has been reported
that the use of sensitizers provide an additional advantage to the photocathodes as it helps to
absorb light in the visible region thus increasing the efficiency of the carbon dioxide reduction
processes [86]. In this type of photocathode, following sequence of reactions occur [87].
(i)

Excitation of dye upon light absorption, where the electron jumps from the HOMO level
to the LUMO level

(ii)

A hole is injected from the HOMO level of the dye to the VB of the p-type
semiconductor, conversely it can also be said that an electron transfer from the
semiconductor to the dye molecule.

(iii)

Either the formation of CO2●- radical because of reduction of carbon dioxide or the
proton coupled intermediate ●COOH .

(iv)

Protonation of CO2●- to form ●COOH, by taking up protons from water in the electrolyte.
(1st case of point (iii))

(v)

the loss of water molecule from ●COOH to produce CO molecule.

Such systems have been in use for water splitting however the research for carbon dioxide reduction
is still in its infancy [87]. One of the main issues in designing such systems for carbon dioxide
electrochemical reduction processes is the difficulty in having a multi electron transfer with in the
system. As evident from the Table 1.2 the potential required to reduce carbon dioxide through a
multi electron system is -0.53 V, way less than the -1.9 V required through a single electron transfer.
It is therefore preferable to devise systems that accommodate multiple electrons at the same time
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or make stable intermediates to continue the reduction process with high Faradaic efficiency. Efforts
have been made to convert carbon dioxide into carbon monoxide through a two electron system
using ruthenium complexes by Kobayashi et. al [88]. The electrochemical reduction of CO2 in the
presence of protons and [Ru(bpy)2(CO)2]2+ (bpy=2,2’-bipyridyl) gave carbon monoxide and formic
acid. During the process [Ru(bpy)2(CO)2]2+ is converted into [Ru(bpy)2(CO)(CO)2] that comes into an
equilibrium with [Ru(bpy)2(CO)2]2+ and [Ru(bpy)2(CO)(COOH)]+. With the addition of BH4 into the
system,

methanol

was

also

produced

via

equilibrium

with

[Ru(bpy)2(CO)(CHO)]+and

[Ru(bpy)2(CO)(CH2OH)]+. This equilibrium is shown in the Figure 1.13 below

Figure 1.13. Electrochemical reduction of CO2 on [Ru(bpy)2(CO)2]2+ (bpy=2,2’-bipyridyl).
Taken from [88].

It was determined from cyclic voltammogram that the electrochemical reduction of [Ru(bpy)2(CO)2]2+
occurs at the π* orbital of the bpy. Ru-CO bond is cleaved to produce [Ru(bpy●-)(CO)2]0 because of
the electron transfers from the π* orbital of bpy to its antibonding orbital. This results in the
formation of an electron rich penta coordinate intermediate, which is attacked by the electrophilic
CO2 to form Ru-CO2 group. The subsequent hydroxylation of this Ru-CO2 group results in the
recovery of [Ru(bpy)2(CO)2]2+. Hence the controlled electrolysis of [Ru(bpy)2(CO)2]2+ in CO2 enriched
water-dimethyl formamide mixture resulted in the formation of CO with 32% current efficiency.
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Similar mechanisms for the reduction of carbon dioxide to carbon monoxide have also been
proposed by Tanaka and Meyer groups on ruthenium, rhodium and iridium based complexes [89,
90].
Metallo-enzymes have also been used to reduce carbon dioxide taking inspiration from the
photosynthesis process. Although the utility of enzymes for large scale industrial processe is still
difficult owing to the highly sensitive nature of enzymes in relation to temperature, pH etc.,
nevertheless this approach has been successful to study the structure-function relationships [91].
For example pyrolytic graphite with FADH1 (tungsten containing formate dehydrogenase) reduces
carbon dioxide with very small overpotentials [92]. Here the iron-sulfer clusters of FADH1 enable the
two electrons to transfer through the insulating protein layer to the tungsten active site, buried in
the interior of elecrode.

Figure 1.14. Two electron transfer from electrode to tungsten active site via protein layer.
Taken from [92]
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Jeoung et. al. and co-worker have used carbon monoxide dehydrogenases (CODH) to
electrochemically reduce carbon dioxide into carbon monoxide [93]. In this case the CO2 and H2O
bind to the Ni-Fe1 site on the enzyme. The coordination of carbon dioxide with metals results in the
transfer of electrons from metals to the LUMO of carbon dioxide. This induces the oxygen atoms to
make hydrogen bonds with the electron-deficient transition metal. Hence the [NiFe4S4(OHx)/(CO2)]
clusters are the centers for carbon monoxide production.
Building on the work on CODH enzymes for reduction of carbon dioxide [93], Bachmeier et al. and
his team has also incorporated visible light responsive P1 dye deposited on nickel oxide
semiconductor alongside CODH in a photoelectrochemical process [68]. It was reported that CODH
behaved as a reversible catalyst on pyrolytic graphitic electrode for CO2 and CO, where the active
site on Fe-S clusters for reactions alternated between Cred1 and Cred2 separated by two electrons and
an intermediate site Cint. however with the addition of rectifiers CN- (for CO oxidation) and NCO- (for
CO2 reduction) the behavior changed into p-type and n-type smiconductors. This is shown in Figure
1.15.

Figure. 1.15. Active catalyst sites for CO2 reduction and CO oxidation with CN- and NCO- inhibitors.
Taken from [68].
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After establishing the electrochemical properties of CODH on p-type semiconductor, NiO was
sensitized with P1 dye and CODH and tested for carbon dioxide reduction. An increase of current in
the case was attributed to the ability of CODH to accumulate two electrons. This attribution was due
to the fact that the LUMO level of P1 lies at 0.7 V which is lower than that required to reduce the
CO2/CO2●- redox couple which makes it impossible to undergo proton coupled electron transfer
(PCET). The catalytic activity of P1 sensitized NiO with CODH enzyme in a photoelectrochemical cell
is shown in figure 1.17.

Figure 1.17. PEC cell with P1 sensitized NiO and CODH enzyme. Taken from [68].

However as the enzymes are extremely temperature and pH sensitive, they can be denatured easily
[94]. Hence replacing these enzymes with stable materials like metal nanoparticles can be a good
approach to move forward. A number of different metal nanoparticles have been used to reduce
carbon dioxide electrochemically [95]. Of the many metal nanoparticles, silver has been described as
a metallic catalyst with one of the most selective behavior towards carbon dioxide to carbon
monoxide electrochemical reduction. Ye et. al. And his co workers have concluded through quantum
energy calculations that this seletivity of carbon dioxide reduction in the presence of water to be
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because of the formation of carbonic acid like species (O = CO2δ- ) which leads to a better adsorption
of CO2 gas on the silver atom [96]. This property is unique with silver [96].
Silver has also been used as a co-catalyst in conjuction with many semiconductors due to its ability
to absorb radiations in UV and visible regions in the light spectrum. Ko et. al. and his co-workers
have shown that the deposition of silver increases the absorption of visible light in the case of
Degussa 25

titanium dioxide semiconductor as silver becomes the trapper for photoinduced

electrons [97]. Silver has also been successfully used as a co-catalyst to reduce carbon dioxide
photochemically on ALa4Ti4O15 where A= (Ca, Sr, Ba) to carbon monoxide and formic acid [98]. Hence
the use of silver can provide an added electron generation effect after getting attached to the
sensitized semiconductor instead of enzymes in Figure 1.17.
The enhancement of photoresponse for porphyrin and phythalocyanine by the use of silver
nanoparticles has been demonstrated by Arakawa et. al. and his co-workers [99]. This enhancement
was directly attributed to the silver nanoparticles attached to the layer of semiconductor. However
the technique to deposit the silver nanoparticles was to immerse the the semiconductor layer in the
solution containing silver ions. This approach offers some drawbacks particularly an uncontrollability
in the deposition of silver. A photoelectrochemical deposition of silver can be a good alternative to
this, as silver will be deposited only on the sites where the dye gets excited and donates an electron.
Also the price of silver is less as compared to other photoctalysts. Hence we can safely conclude that
the silver is one of the most suitable substitution for enzymes as shown in Figure 1.18.
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Figure. 1.18. Suitable properties of silver

In view of the above discussion about silver being an efficient catalyst, it was hypothesized that the
idea of p type dye sensitized electrode decorated with silver, may lead to a better reduction
efficiency of carbon dioxide. This would be novel as compared to the past reports where the
deposition of metals like silver, gold etc has been on semiconductor electrodes without having any
dye on it [100 – 101]. This approach of reducing carbon dioxide to carbon monoxide on the dyesensitized p-type semiconductor decorated with silver is shown through the model in Figure 1.19.

Figure. 1.19. A model for dye sensitized semiconductor decorated with silver to
photoelectrochemically reduce carbon dioxide.
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1.8. Electrochemical techniques for deposition
Electrochemical techniques are used to study the chemical reactions occurring at the electrodes’
surface and the electrolytes due to the electron transfers. The two most important techniques that
have been used in the thesis are discussed below.

1.8.1. Cyclic Voltammetry
Cyclic voltammetry is a technique where the potential is swept between two vertices and the
current supplied across the working electrode is recorded as a function of the bias in a curve known
as voltammogram. A voltammogram can provide the reduction and oxidation potentials of the
species in the electrolyte under the given conditions if the range is wide enough. Figure 1.20
represents a typical voltammogram where ipc and ipa are the cathodic and anodic currents
respectively.

Figure. 1.20. A typical voltammogram where ipc and ipa represent
peak cathodic and peak anodic currents.
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1.8.2. Chronoamperometry
Chronoamperometry is an electrochemical technique where current is measured as a function of
time on the application of a constant potential. The current obtained in this case is faradaic current
which is due to the electron transfer.

1.9. Aims and scope of thesis

The aim of this thesis was the development of a p-type dye sensitized electrode for the
photoelectrochemical reduction of carbon dioxide. The focus was emphasized on selection for the
best possible dye to sensitize the electrode, developing the new photoelectrochemical process for
silver deposition on the electrode and testing the electrode for carbon dioxide reduction process.
The scope of the thesis included:
1. The selection of the most appropriate dye for the sensitization of p-type nickel oxide
semiconductor, based on the adherence to the electrode when placed in electrolyte and also
the charge injection properties.
2. The replacement of enzymes on dye sensitized electrodes (as reported in the past) with
stable metallic catalysts like silver.
3. The development of photoelectrochemical process for the deposition of silver on the
electrode and quantification of the deposited silver.
4. Testing the dye sensitized electrode decorated with silver for the photoelectrochemical
reduction of carbon dioxide.
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2. Experimental Procedure

2.1. Chemicals and Materials
Nickel oxide nanoparticles were bought from US Nano Research. Ethyl cellulose (Sigma Aldrich),
Tert-Butanol (Sigma Aldrich), Lithium Iodide (Sigma Aldrich), Iodine (Merck), Propylene Carbonate
(Sigma Aldrich), Dimethyl formamide (Chem Supply), Triethanolamine (Sigma Aldrich), Acetonitrile,
1-butyl-3-methylimidazolium chloride (BMIMCl) ionic liquid (Sigma Aldrich), Tetrabutyl-ammonium
phosphate (Sigma Aldrich) and Silver nitrate (Sigma Aldrich) were used without further purification.
An in-house reverse osmosis purification system, Milli-Q filtration was used to purify water through
multiple steps of filtration and deionization. The purity of water was monitored to ensure it
remained at or above 18.2 MΩ.cm @ 25°C.
The dyes were prepared in house at the Intelligent Polymer Research Institute (IPRI) by Dr Pawel
Wagner following the literature [1, 2]. Four different dyes were used. The names and structures of
the dyes are given in Table 2.1.

Table. 2.1. Chemical names of dyes and their structures
Short
Full name
name

4-(Bis-{4-[5-(2,2-dicyano-vinyl)P1

thiophene-2-yl]-phenyl}c-amino)benzoic acid

Structure
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3-(5,10,15,20Silver
tetraphenylporphyrinato silver (II)-2porphyrin
yl)-2-cyanoacrylic acid

5,10,15,20-tetra(3,5dimethylphenyl)-2-(4,4GD2
dicarboxybuta1,3dienyl)porphyrinato zinc (II)]

4-{2-[5,10,15,20-tetrakis(3,5dimethylphenyl)porphyrinato copper
P188
(II)-2-yl]ethenyl}phenylphosphonic
acid
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Fluorine doped Tin Oxide (FTO) was used as transparent conducting oxide. 110 mm X 110 mm
sheets of glass were obtained from Hartford Glass USA.

2.2. Nickel Oxide Printing
Fluorine doped tine oxide glass sheets (110 X 110 cm2) were immersed and sonicated in soapy
water, acetone and ethanol for 20 minutes each. Nickel oxide paste was prepared by grinding 15g
nickel oxide nanoparticles in small quantities of ethanol with mortar and pestle. These nickel oxide
nanoparticles were added to 50 ml of 10% ethyl cellulose solution (in ethanol) and 100 ml terpineol.
After thorough mixing, ethanol was evaporated and the paste was obtained.
The terpineol based nickel oxide paste was printed on the clean FTO glass sheets with a custom
made mesh (4 X 4 mm squares for p-DSSC and circular pattern with 12 mm diameter for electrodes)
and Keywell, semi-automatic screen printer (shown in Figure 2.1). Glass were cut into 15 mm X 10
mm pieces after screen printing electrodes for DSSC and 15 mm X 20 mm for the electrochemistry
procedures.
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Figure. 2.1. Keywell semi-automatic screen printer

The electrodes were allowed to settle for five minutes in a petri dish and after that sintered at 400 °C
for half an hour. After cooling to room temperature, the strips were sintered at 550 °C for 10 min
and finally immersed into dye baths for sensitization after cooling to 100 °C.

2.3. Dye solution preparation
0.2 mM dye solutions of P1, silver porphyrin, P188 and GD2 were prepared by dissolving the dry
powders in ethanol and stored in a dark place. The screen printed electrodes were placed in the dye
bath, for 12 hours in a manner that the nickel oxide layer is fully exposed to the dye solution.

2.4. Dye-sensitized solar cells preparation
The preparation of DSSC consists of several steps; preparation of cathode, anode and electrolyte and
assembling all the parts together.
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1. Photocathodes: The preparation of cathode was done by screen printing as
described in the Section 2.2
2. Counter electrodes: FTO glass slides were cut (15mm X 10 mm) with a hole drilled
near the corner (for insertion of electrolyte) of each electrode. The glass electrodes
were washed as per Section 2.2. The conductive sides of electrodes were platinized
by smearing a single drop of platinic acid (H2PtCl6) solution (10mM in ethanol). The
electrodes were heated in a pre-heated heating tube at 400 °C for 15 minutes. The
electrodes were cooled to room temperature before use.
3. Electrolyte: 0.05 M Iodine and 0.5 M lithium iodide were dissolved in propylene
carbonate.
4. DSSC Assembly: Photocathodes and counter electrodes were placed along with
Surlyn gasket in between; in a way that the nickel oxide was not directly in front of
the filling port as shown in Figure 2.2. The cell was placed on the hot plate (125 °C)
and pressed with thumb for around 3 -5 seconds to apply enough pressure so that
the cell was sealed. The electrolyte was injected into the space between two
electrodes with backfilling, several drops of electrolyte on the hole and then
applying vacuum for around 15 seconds and then rapidly releasing the vacuum. The
process was repeated until the nickel oxide layer was completely impregnated with
electrolyte. The excess electrolyte was wiped off and the hole was sealed with surlyn
backed aluminium foil (i.e. the surlyn melted to join the aluminium to the cell). The
connections on the electrodes were made with cerasolzer Alloy #186 using an
ultrasonic soldering iron and the wires were attached using Sn : Cu (99.3 : 0.7 %)
solder and a standard soldering iron. The whole process of cell fabrication, up till the
sealing, was carried out in a glove box purged with nitrogen and argon gas, as it had
previously been noted by researchers in this laboratory that ambient moisture
(humidity) had a large impact on p-DSSC device performance.
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FTO substrate
Counter electrode
Counter electrode hole
Surlyn gasket
P1 sensitized NiO

Figure 2.2. DSSC assembly

2.5. UV-Visible Spectroscopy
UV-Visible Spectroscopy was used to study the desorption rates of dyes in different solvents.
Shimadzu UV-1800 Spectrophotometer (Figure 2.3) was used to record the absorbance spectra from
NiO thin films coated on FTO glass and sensitized with different dyes in the range of 300 to 800 nm.
The measurements obtained were baseline corrected and graphs were plotted for absorbance of
dye spectra. The dyed films were placed in the vials of either acetonitrile (5% water), BMIMCl ionic
liquid or DMF-TEA and periodically removed for testing. No rinsing was done after removing the
samples from solvents in order not to remove additional dye from the surface.
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Figure. 2.3. Shimadzu UV-1800 Spectrophotometer

2.6. Electrochemical techniques

The electrochemical methods of characterization are performed using a potentiostat which allows
the control of working electrode’s potential.
The electrochemical techniques employed for experimentation were Cyclic Voltammetry (CV) and
Chronoamperometry. The reference electrode in all the electrochemical measurements was organic
Ag/Ag+ made by immersing a silver wire in a solution of 0.01M silver nitrate with 0.1M TBAP in
acetonitrile. All the measurements were done under room tempearature and pressure conditions.
A Xenon lamp R 300-3J (Tokina 52 Mirror unit) with power supply CX-04E was used to illuminate the
experiments when required. The lamp was tuned to one sun intensity (100 mW/cm2) with the help
of silicon diode and multimeter.
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2.6.1.

Cyclic voltammetry (CV)

Cyclic Voltammetry is a technique where the potential is swept from one value to
another before being reversed. This may be done for several cycles. The current supplied
at the working electrode against a reference electrode is recorded as a curve known as
voltammogram. Cyclic voltammetry was employed in three specific ways during the
course of research as follows:
1. Cyclic voltammetry was performed to determine the reduction potential of silver for
deposition on the electrode and the reduction of carbon dioxide in three electrode
cell. In the case of silver deposition, the working electrode was P1 sensitized NiO
coated FTO glass, counter electrode was platinum mesh and the reference electrode
was organic Ag/AgNO3 in 0.1 M TBAP in acetonitrile. The electrolyte used was 0.1 M
TBAP in acetonitrile with different concentrations of silver nitrate. The electrolyte
was purged with nitrogen gas for five minutes before use. The deposition potential
was determined for dark and illuminated conditions.
2. To determine the silver concentration in solutions (following the silver stripping), the
working electrode was a platinum disk and the counter electrode was platinum
mesh. The reference electrode was organic Ag/Ag+ made as mentioned before. The
electrolyte was 0.1 M TBAP in acetonitrile purged with nitrogen for five minutes.
3. Lastly, for carbon dioxide reduction experiments, the working electrode was P1
sensitized NiO on FTO with silver particles, counter electrode was platinum mesh
and reference electrode was again organic Ag/Ag+. The electrolyte was 0.1 M TBAP
in acetonitrile (5% water) which was purged with either nitrogen or with carbon
dioxide before taking the background and CO2 reduction measurements
respectively.
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2.6.2. Chronoamperometry
Chronoamperometry measures the current as a function of time under a fixed potential
(V). The technique was used to deposit as well as strip silver particles on the P1
sensitized NiO printed FTO electrode and the reduction of carbon dioxide.
1. Chronoamperometry was used to deposit silver particles on the P1 sensitized NiO
working electrodes for 30s, 100s and 300s under dark and illuminated (1 sun)
conditions at -0.12 V. The counter electrode was a platinum mesh and the reference
an organic Ag/Ag+ electrode. The electrolyte used was 0.1M TBAP in acetonitrile
with different concentrations of silver nitrate (1 mM, 10 mM and 100 mM), and was
purged with nitrogen gas for five minutes before use.
2. For the stripping of silver particles, an oxidation potential of 0.45V vs. Ag/Ag+ was
applied for five minutes. In this case the working electrode was the silver coated, P1
sensitized NiO on FTO and the counter electrode was platinum mesh. The reference
electrode was organic Ag/Ag+. The electrolyte (0.1 M TBAP in acetonitrile) was
purged with nitrogen for five minutes.
3. For the reduction of carbon dioxide, the working electrode was the P1 sensitized NiO
with silver particles, the counter electrode was a platinum mesh and the reference
electrode was organic Ag/Ag+ system. The electrolyte was 0.1 M TBAP in acetonitrile
(5% water) which was purged with carbon dioxide for half an hour before use. A
nafion membrane was used to separate the catholyte and anolyte (It has been used
with organic solvents elsewhere [3]). During the process a gentle stream of carbon
dioxide was maintained on the surface of the electrolyte. The whole procedure was
done in illuminated conditions (1 sun) with regular chopping intervals.
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2.7. Solar simulator and J-V curve testing system
A Newport solar simulator with a 1000W Xenon lamp and AM 1.5 filter was used to measure the
photo conversion efficiency of p-type DSSC devices, where AM 1.5 is the spectra of sun
representative 100 mW/cm2. Solar simulator is shown in the Figure 2.4.

Figure. 2.4. Oriel 1000 W solar simulator with Keithley 2400 sourcemeter

The lamp was adjusted before use against a calibrated silicon solar cell. During the operation the
solar simulator simulated the sunlight while Keithley 2400 linearly swept the voltage from 300mV to
-95mV with steps of 5 mV and a settling time of 100 ms for the cell to equilibrate. The output was
recorded in the form of J-V curve and the parameters of open circuit voltage, short circuit current,
fill factor and energy conversion efficiency were recorded.
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2.8. Gas Chromatography
Gas chromatography was performed on Shimadzu GC-2030 Gas Chromatograph (Figure 2.5) for
determination of gaseous products after reduction of Carbon dioxide. This system was used in
conjunction with chromatography described in Section 2.6.2 (3) using a methanizer connected to
Flame Ionisation Detector (FID). The gas chromatograph was callibrated by Ms. Lisha Jia and Mr.
Kyuman Kim (due to time constraints) to determine the retention times for different components
which were useful for calculating faradaic efficiency. The flow rate of gases at the inlet of
chromatograph was 2.05 mL/s Helium gas was used as the carrier gas.

Figure. 2.5. Shimadzu GC-2030 Gas Chromatograph
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2.9. Electron Microscopy SEM
Scanning Electron Microscopy was used to study the morphology of the electrodes and the silver
particles deposited on them. A 5 keV beam of primary electrons was scanned across the sample to
produce an image from detection of secondary electrons. For the SEM, samples were coated with
platinum to enhance their conductivity. SEM was performed by Dr. Tony Romeo.

2.10. Nuclear Magnetic Resonance Spectroscopy
Nuclear magnetic resonance (NMR) spectroscopy was performed on Bruker Avance III 400 MH3 by
Dr Patricia Hayes. NMR spectroscopy was used to identify any liquid products which may be formed
as a result of carbon dioxide reduction in the electrolyte. The samples were prepared by mixing the
post-reaction electrolyte (done in non-deuterated acetonitrile) with deuterated acetonitrile. This
was done over 3072 scans and acetonitrile peak suppression was applied to distinguish any signal of
trace compounds.
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Chapter 3: Determination of a
suitable molecular sensitizer
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3.1. Introduction
In this chapter, the first step to develop a dye sensitized photoelectrode is discussed. This focuses on
the selection of the most promising molecular sensitizer for the photoelectrochemical reduction of
CO2 out of four different candidates. The best dye was to be used for sensitization of screen printed
nickel oxide film on FTO glass. The charge injection and the physical attachment of the dye
molecules with the NiO films were the important factors were studied.
In terms of charge injection following factors are important.
1. There should be a high density of states distribution on the top of the VB of the
semiconductor in a nonexponential shape of band gaps so that the holes can be trapped
easily [1, 2].
2. The recombination of the charge with the dye or the environment (such as redox mediator)
should be slow so that the process can proceed easily [3, 4]
In terms of structural properties following factors are important
1. The dye should be chemically and electrochemically stable especially in reduced form
towards electrophilic substances for which it should a more negative reduction potential as
compared to the electrolyte [5].
2. The structure of the dye should be such that the anchoring group is attached to the donor
moiety of the dye [6].
3. The anchoring group should be such that it holds on to the semiconductor strongly with a
strong tunnelling effect for electron transfer [5].
These factors will impact on the short circuit current density JSC for the reason that if there will be a
high charge injection efficiency and longer time to for the recombination to occur then the current in
the system will also increase. This has been demonstrated by Xu et al. [7]. The role of the dye in p-
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DSSC performance can be related to its behaviour in the photoelectrochemical reduction system. In
both cases the photoexcited dye transfers a hole into the NiO. The remaining electron on the dye
either directly creates a CO2●- radical or transfers to the co-catalyst such as COOH or silver particle
and to reduce CO2 thus forming the carbon monoxide or other carbon containing products in the
next step.

3.2. Dye selection
Four dyes were selected to be used in p-DSSC. They consisted of P188, Ag porphyrin, GD2 and P1.
The chemical names and structures of these dyes have been described in Table 2.1. of Chapter 2.
P188 consists of a strong phosphonic anchoring group and has been used in n–DSSCs with high
efficiency [22]. The reason for using this dye was to check the effect of its anchoring group on the
DSSC performance. Silver porphyrin was specially prepared for this project by Dr. Pawel Wagner at
IPRI to investigate whether the silver present with the porphyrin plays any role in the
photoelectrochemical reduction of carbon dioxide. GD2 is a porphyrin with two carboxylic acid
groups and has given good performance with TiO2 [2]. P1 dye has been used before for p DSSC
devices [3, 6]. It has a cyanoacrylic acid group as anchor which also behaves as an electron donor
component [8].
As the dye is bound to the nickel oxide surface, there are chances for the dye to desorb when it
comes in contact with the solvent molecules. Hence it is necessary to choose solvents which have a
low interaction with dye molecules at the same time there should be conditions ideal for carbon
dioxide reduction as well. For the reduction of carbon dioxide through electrochemical processes,
many organic and inorganic solvents have been utilized [9]. The most commonly used electrolytes
are acetonitrile, dimethyl formamide and ionic liquids [10-12]. In the case of acetonitrile a little
amount of water is required as a source of protons so that the carbon reduction can move forward
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through proton coupled reactions [13]. For dimethyl formamide, triethanolamine provides the
necessary quenching during the process [14]. BMIMCl ionic liquid has been used in the past with
20% water to reduce carbon dioxide [15]. So these three electrolytes were chosen to work with in
this chapter. This choice was based on carbon dioxide reduction processes in the past reports [13,
16-19]

3.3. Photovoltaic Performance (JV curves)
Three DSSC devices of each dye were prepared and tested for photovoltaic performance in dark and
under AM 1.5. The JV curves for the devices with respective dyes are shown in Figure 3.1 and the
device performance is in Table. 3.1.
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Figure 3.1. Current-Voltage response of p-type DSSCs
incorporating P1, GD2, silver porphyrin or P188 sensitized NiO.
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Table 3.1. p-DSSC performance with different dyes
Current JSC
Dye

Voltage (mV)

Max Power (Pout)
Fill Factor (FF)

(mA/cm2)

(µW/cm2)

P1

115

0.903

0.28

29.0766

GD2

87

0.224

0.28

5.4566

Silver porphyrin

57

0.098

0.33

1.8433

P188

22

0.065

0.19

0.2717

From Table. 3.1, it is evident that the best photoresponse and the highest current density produced
is that of P1 dye. The overall efficiency of the P1 device was 0.03%. The open circuit voltage, current
density, fill factor and overall efficiency are close to the values reported in the literature of 110 mV,
1.9 mA/cm2, 0.31 and 0.05% respectively [3, 6]. This good performance of p-DSSC based on P1 dye
can be attributed to its light harvesting property and charge injection property based on its
structure. The P1 molecule is attached to the semiconductor through the condensation of carboxylic
acid group and the electron donor moiety is triphenylamine. The two electron acceptor groups are
at the outer end of the molecule that provides an easy pathway to electrons from the donor part to
the electrolyte [6]. The lower performance for the GD2 dye lies in the fact that the overlap between
the HOMO level of the dye and the valence band is smaller, thus the injection of electron from NiO
to the dye is difficult [5, 20, 21]. In the case of silver porphyrin, as it was newly prepared specially for
the project, nothing can be concluded with absolute certainty however it might be due to the bigger
size of silver. The silver might not be properly attached to the structure or might be hindering the
flow of electron through the chain. Further structural characterization and analysis can be helpful to
determine its usefulness. The JSC for P188 was the lowest which can be attributed to the tetrahedral
phosphorus structure of the binding group on P188 which obstructs the electron movement,
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significantly decreases charge injection rates [22]. This has been reported in another report as well
that the same linker group as is on P188 does not contribute to the transfer of electron through the
linker chain [23]. Hence the phosphonic acid anchoring group which is extremely strong thus
hindering the flow of current. Also it was observed from the figure 3.4 that the rectification voltage
for P188 dye is also very small hence there was not much potential difference between the
electrodes that could drive the electrons.

3.4. Dye Stability
To check the attachment stability of dyes, three different solvent mixtures were chosen;
Dimethylformamide: Tetraehtanolamine mixture (5:1 v/v), Acetonitrile with 5% water and BMIMCl
ionic liquid with 20% water. The dyed electrodes were put in the solvents for upto 24 or 96 hours
and UV-Vis spectrographs were taken at regular intervals. The absorbance spectra for the dye P1 is
shown in Figure. 3.2. It was observed that the absorbance spectra of the dye decreased with time.
The freshly dyed sample had the highest absorbance which decreaseed as the film spent more time
immersed in the solvent mixtures. Other dyes also showed a similar desorption behavior with time.
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Figure. 3.2. The desorption of P1 dye on in BMIMCl ionic liquid

Desorption of all the four dyes was assumed to reach equilibrium and the change of desorption rate
was fitted as a function of time in Figure 3.3. The higher the c value, slower was the change in
desorption rate and shorter the time to reach equilibrium conditions. In the case of P188 dye, it
appeared to approach the equilibrium after five hours with the lowest change in desorption rate and
a c value of 0.8442. For P1 the apparent equilibrium was reached in 10 hours with a c value of
0.8073. For GD2 the equilibrium was reached in 12 hours with a c value of 0.6790. In the case of
silver porphyrin the equilibrium appeared to be reached in 28 hours with the highest change in
desorption rate and a c value of 0.5595.
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Figure. 3.3. Desorption pattern of P188, P1, GD2 and Ag porphyrin dyes in BMIMCl ionic liquid.

It was evident from the Figure. 3.3, that the fraction of P188 dye desorbed was the least at
equilibrium followed by P1, GD2 and silver porphyrin. P188 dye’s stability can be attributed to its
phosphonic acid anchor which is 80 times stronger as compared to carboxylic acid due to its ability
to form bi and tri-dentates with the semiconductor surface [23-25]. On the other hand, the
tetrahedral phosphorus structure of the binding group on P188 obstructs the electron movement
that significantly as discussed before. Hence the use of P188 for the electrode sensitisation was
ruled out. The next best dye from the perspective of stability is the organic P1 dye which has a
shielding effect due to its geometry, having the hydrophobic groups inhibiting the water from
reaching the COOH groups. The low stability of silver porphyrin can be attributed to the fact that it
has one anchoring carboxylic group as compared to the two, present in GD2 and also a heavy silver
atom.
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Figure. 3.4 shows the desorption of P1 dye in three different solvents; DMF-TEA (5:1 v/v),
acetonitrile with 5% water and the ionic liquid BMIMCl.
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Figure. 3.4. Desorption pattern of P1 dye in different solvents.

It was observed in the case of DMF-TEA the equilibrium appeared to be reached within three hours
however the change in desorption rate was the highest, with the c value of 0.04988. In the case of
BMIMCl ionic liquid, the apparent equilibrium was reached in 5 hours and the change in desorption
rate was lowest with the c value of 0.3523. In the case of acetonitrile the equilibrium was reached at
10 hours and change in desorption rate was nearly the same as that of BMIMCL with a c value of
0.3220. The high desorption rate of P1 dye in DMF-TEA can be attributed to the interaction of the
dye molecules with DMF same as in the case of N3 dye based n-type TiO2 DSSC with DMF [26, 27].
Figures 3.5 and 3.6 show the P1 dyed photoelectrodes before and after 24 hours of immersion in
different solvents. The sample immersed in DMF-TEA faded almost to zero while the sample in
BMIMCl had the most P1 dye left on it. From these observations it may be safe to conclude that the
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NiO samples sensitised with P1 dye could be used for a long period of time for carbon dioxide
reduction, however the performance of the electrode may decrease due to the desorption of dye in
acetonitrile (5% water).

Figure. 3.5. P1 dyed NiO before immersion in any solvent

DMF-TEA

ACN

IL

Figure. 3.6. P1 dye after immersion in different solvents
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3.5. Dye loading

Dye loading for P1 dye was found by the formula as below
Dye loading = dye concentration / electrode area
Where,
dye concentration = absorbance * molar extinction coefficient
for P1 dye, extinction coefficient = 5.8 E4 M-1 cm-1 and A = 500 nm
hence, dye concentration = 1.16 E11 M
and dye loading = 1.16 E11/1.3 = 8.92 E10 mole/cm2

3.6. Conclusions
It can be concluded from the experiments performed in this chapter, that P1 was the best candidate
for use in the photoelectrochemical experiments. It showed a much higher current density than the
other three dyes which can be helpful for both the subsequent processes (i) the
photoelectrochemical reduction of silver particles on the sensitized nickel oxide surface and (ii) the
photoelectrochemical reduction of the carbon dioxide. It was also noted that the P1 dye was
strongly attached to the nickel oxide surface which was evident from the fact that at least 90% of the
amount of P1 remained on the surface in the first hour of immersion in acetonitrile (5% water) and
ionic liquid. This time is more than sufficient for the deposition of silver particles and the carbon
dioxide reduction processes. However a change in desorption behaviour was still expected after the
exposure to simulated solar light and application of potential as it causes the electronic excitation of
dye molecules.
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The study of P1 dye desorption in three different solvents, showed that the BMIMCl and acetonitrile
(5% water) both were good candidates for the CO2 reduction process. However the deposition of
silver and the reduction of carbon dioxide would have required large amounts of ionic liquid which
was quite expensive, thus the idea of its use was ruled out and acetonitrile with (5% water) was
used.

3.7. References
1.
2.
3.

4.
5.

6.
7.
8.
9.
10.
11.

12.
13.
14.

15.

D’Amario, L., et al., Tuning of Conductivity and Density of States of NiO Mesoporous Films
Used in p-Type DSSCs. The Journal of Physical Chemistry C, 2014. 118(34): p. 19556-19564.
Nattestad, A., et al., Highly efficient photocathodes for dye-sensitized tandem solar cells.
Nature Materials, 2010. 9(1): p. 31-35.
Qin, P., et al., Synthesis and Mechanistic Studies of Organic Chromophores with Different
Energy Levels for p-Type Dye-Sensitized Solar Cells. The Journal of Physical Chemistry C,
2010. 114(10): p. 4738-4748.
Wu, F., et al., Engineering of organic dyes for highly efficient p-type dye-sensitized solar cells.
Dyes and Pigments, 2016. 124: p. 93-100.
Odobel, F., et al., New Photovoltaic Devices Based on the Sensitization of p-type
Semiconductors: Challenges and Opportunities. Accounts of Chemical Research, 2010. 43(8):
p. 1063-1071.
Qin, P., et al., Design of an Organic Chromophore for P-Type Dye-Sensitized Solar Cells.
Journal of the American Chemical Society, 2008. 130(27): p. 8570-8571.
Xu, X., et al., Near Field Enhanced Photocurrent Generation in P-type Dye-Sensitized Solar
Cells. Scientific Reports, 2014. 4(1): p. 3961.
Li, G., et al., Efficient Structural Modification of Triphenylamine-Based Organic Dyes for DyeSensitized Solar Cells. The Journal of Physical Chemistry C, 2008. 112(30): p. 11591-11599.
König, M., et al., Solvents and Supporting Electrolytes in the Electrocatalytic Reduction of
CO2. iScience, 2019. 19: p. 135-160.
Oh, Y., et al., Electrochemical reduction of CO2 in organic solvents catalyzed by MoO2.
Chemical Communications, 2014. 50(29): p. 3878-3881.
Kou, Y., et al., Visible light-induced reduction of carbon dioxide sensitized by a porphyrin–
rhenium dyad metal complex on p-type semiconducting NiO as the reduction terminal end of
an artificial photosynthetic system. Journal of Catalysis, 2014. 310: p. 57-66.
Rees, N.V. and R.G. Compton, Electrochemical CO2 sequestration in ionic liquids; a
perspective. Energy & Environmental Science, 2011. 4(2): p. 403-408.
Tomita, Y., et al., Electrochemical Reduction of Carbon Dioxide at a Platinum Electrode in
Acetonitrile-Water Mixtures. Journal of The Electrochemical Society, 2000. 147(11): p. 4164.
Kutal, C., et al., A mechanistic investigation of the photoinduced reduction of carbon dioxide
mediated by tricarbonylbromo(2,2'-bipyridine)rhenium(I). Organometallics, 1985. 4(12): p.
2161-2166.
Oh, Y. and X. Hu, Ionic liquids enhance the electrochemical CO2 reduction catalyzed by
MoO2. Chemical Communications, 2015. 51(71): p. 13698-13701.

64
16.

17.
18.
19.
20.
21.
22.
23.

24.

25.
26.

27.

28.

Zhou, F., et al., Highly selective electrocatalytic reduction of carbon dioxide to carbon
monoxide on silver electrode with aqueous ionic liquids. Electrochemistry Communications,
2014. 46: p. 103-106.
Rosen,
B.A.,
et
al.,
Ionic
Liquid–Mediated
Selective
Conversion
of
CO&lt;sub&gt;2&lt;/sub&gt; to CO at Low Overpotentials. Science, 2011. 334(6056): p. 643.
Paul, A., et al., Effect of Water during the Quantitation of Formate in Photocatalytic Studies
on CO2 Reduction in Dimethylformamide. Inorganic Chemistry, 2012. 51(4): p. 1977-1979.
Kang, P., et al., Electrocatalytic Reduction of Carbon Dioxide: Let the Molecules Do the Work.
Topics in Catalysis, 2015. 58(1): p. 30-45.
Ho, P., et al., Discrete photoelectrodes with dyes having different absorption wavelengths for
efficient cobalt-based tandem dye-sensitised solar cells. Scientific Reports, 2017. 7.
Wykes, M., et al., Anchoring groups for dyes in p-DSSC application: insights from DFT. Journal
of Molecular Modeling, 2016. 22(12): p. 289.
Zhang, L. and J.M. Cole, Anchoring Groups for Dye-Sensitized Solar Cells. ACS Applied
Materials & Interfaces, 2015. 7(6): p. 3427-3455.
Baktash, A., et al., Effects of carboxylic acid and phosphonic acid anchoring groups on the
efficiency of dye sensitized solar cells: A computational study. Organic Electronics, 2016. 33:
p. 207-212.
Brennan, B.J., et al., Comparison of silatrane, phosphonic acid, and carboxylic acid functional
groups for attachment of porphyrin sensitizers to TiO2 in photoelectrochemical cells. Physical
Chemistry Chemical Physics, 2013. 15(39): p. 16605-16614.
Hagfeldt, A., et al., Dye-Sensitized Solar Cells. Chemical Reviews, 2010. 110(11): p. 65956663.
Suryanarayanan, V., et al., High performance dye-sensitized solar cells containing 1-methyl-3propyl imidazolinium iodide-effect of additives and solvents. Journal of Electroanalytical
Chemistry, 2009. 633(1): p. 146-152.
Lee, K.-M., V. Suryanarayanan, and K.-C. Ho, Influences of different TiO2 morphologies and
solvents on the photovoltaic performance of dye-sensitized solar cells. Journal of Power
Sources, 2009. 188(2): p. 635-641.
Griffith, M.J., et al., Porphyrins for dye-sensitised solar cells: new insights into efficiencydetermining electron transfer steps. Chemical Communications, 2012. 48(35): p. 4145-4162.

65

Chapter 4: Deposition of Silver on
Photocathodes
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4.1. Introduction
Building upon the work done in Chapter 3, the objective of this study was to photodeposit silver on
p-type dye sensitized photocathodes. The deposition procedure was followed by the determination
of amount of silver, deposited under different conditions. The amount of silver deposited was
determined by electrochemical methods. Also, SEM and EDS were performed to see the size and
morphology of the silver particles on electrodes.
As mentioned in the Chapter 1 many homogeneous and heterogeneous catalysts have been used to
reduce carbon dioxide electrochemically however the choice of silver as catalyst was based on the
fact that its reduction potential decreases under light and its selectivity towards carbon monoxide.
Also silver is more stable in terms of temperature and pH sensitivity as compared to enzymes. The
model for carbon dioxide reduction on dye sensitized NiO photocathode has already been described
in Chapter 1. It has been explained earlier that the photodeposition technique was employed so that
silver is deposited only on the surface of electrode upon the excitation of dye molecules.
In this chapter, the silver deposition parameters have first been studied by changing the
concentration of the deposition solution and the time of deposition. After that the amount of silver
deposited on the surface was quantified by three electrochemical methods:
1. Integration of the current during deposition process
2. Integration of the current during stripping process
3. Quantification from a cyclic voltammogram (CV) of the electrolyte solution following the
stripping process
For the quantification of silver from a CV, the Randles-Sevcik equation is useful as it provides a
relation between the concentration of ions in the solution and the current obtained in the CV of the
solution. In the voltammogram, the peak current (iP) is the amount of electrons used to reduce silver
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ions on the surface of electrode. It can be related to the concentration of silver ions in the
electrolyte by the Randles-Sevcik equation [1].

------ 4.1
Where,
iP = maximum current (A)
n = number of electrons transferred in a redox reaction
A = electrode area (cm2)
F = Faraday constant (C mol-1)
D = Diffusion coefficient (cm2 s-1)
C = concentration (mol cm-3)
v = scan rate (V s-1)
R = Gas constant (JK-1 mol-1)
T = Temperature (K)

The value of the Diffusion coefficient D can be found experimentally by the slope of the plot iP vs.
v1/2. In the case presented here the electrolyte used was 0.1 M TBAP/MeCN, for which the diffusion
coefficient D has been reported to be 9.4 X 10-5 cm2 s-1 in the literature [2]. It can be observed from
the Equation 4.1 that the peak current is directly proportional to the concentration of the silver ions
into the electrolyte. Hence the number of electrons used to reduce silver ions is equal to the silver
metal deposited on the surface of electrode. The current iP from Equation 4.1 can thus be utilized to
calculate the amount of silver deposited on the electrode surface.
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4.2. Electrochemical deposition of silver
Cyclic voltammetry was used to determine the reduction potential for silver particles in a three
electrode system. This was done by using P1 sensitized nickel oxide on FTO as the working electrode,
platinum mesh as counter electrode and Ag/AgNO3 as the reference. The electrolyte used was
acetonitrile with 0.1 M TBAP as supporting electrolyte and 10 mM silver nitrate. Acetonitrile was
used based on the results obtained in Chapter 3, however with the application of potential, the P1
dye, present on the NiO surface, desorbed significantly faster than where no potential was applied
(Refer to Figures. 3.3 and 3.4). This was evident as the colour of the electrolyte changed to red due
to the dye desorption. To determine the reduction potential for silver, P1 sensitized NiO electrode
was substituted platinum disc electrode. Figure 4.1 shows the voltammogram for the process.
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Figure 4.1. CV curves for silver electrochemistry on platinum electrode (Scan rate 0.05 V/s).

During the cathodic scan started from 0.3 V, a sharp onset could be observed in the cathodic current
at -0.04 V. This reduction peak was due to the conversion of Ag+ to Ag0. Afterwards, the observed
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cathodic current decreased in magnitude smoothly until it reached the lower vertex at -0.4V. On the
anodic scan, a current crossover was observed at -0.01 V (appearing as a loop) after which there was
an oxidation peak recorded at 0.2 V related to the silver oxidation. This voltammogram was in good
agreement with previous studies [3-5]. The loop obtained due to the crossover of current is typical
of nucleation and growth of crystals [6]. The scan was repeated for five cycles. With each
consecutive scan the onset was shifted to a lower potential (indicating faster nucleation) and the
area under the peak increased (indicating faster growth of crystals) [4]. This shift of onset towards
positive can also be attributed to the fact that for the first cycle, the Ag+ is reduced to Ag0 on bare
platinum surface. With the subsequent cycles the Ag+ may be deposited on already deposited Ag0 on
the platinum surface. This change in peak position has been studied on glassy carbon electrode in
the past and can be avoided if the stripping process during the anodic scan completely strips the
silver deposited [7]. The amount of silver deposited on the surface was calculated to be 4.09 X 10 -4
moles using equation 4.1 from the 5mL solution of 10 mM silver nitrate.
As the reduction potential of the species change with the changing surface hence, in order to
determine the reduction potential of silver on P1 sensitized NiO electrode, it was substituted in the
place of platinum working electrode in the system described. Voltage was scanned from 0V vs.
AgNO3 to -0.3V vs. AgNO3 to minimise the P1 dye oxidation and thus not avoiding desorption into
the electrolyte. The concentration of silver nitrate was 10 mM in the acetonitrile used as electrolyte.
The linear sweep in cathodic direction was done in dark and illuminated (1 sun) conditions to find if
there was any effect of light on the reduction potential of silver. Figure 4.2 shows the
voltammogram for the process.
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Figure 4.2. CV curves for silver electrochemistry on P1 sensitized NiO electrode (Scan rate 0.05
V/s).

It was observed that in the case of a dark reaction, only a capacitive current was observed at
voltages below -0.24 V, beyond which a reduction reaction was seen with the faradaic current
increasing sharply. Here the reduction offset for silver was moved to a more negative potential as
compared to that on platinum due to the change in the overpotential of the reaction indicating a
large charge transfer resistance. The reduction offset however moved to the less negative value of 0.13 V under illumination but still higher than on the platinum electrode. This shift to the positive
direction was due to the additional voltage provided by the light. Hence this was established that the
reduction reaction of silver was enhanced by illumination in the system. The proposed mechanism
for reduction under the illuminated condition is shown in the schematic in Figure 4.3.
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Figure 4.3. Schematic for silver reduction on P1 sensitized NiO electrode under illumination

The proposed mechanism in Figure 4.3, shows that under illumination, an excited dye molecule
donates an electron towards the reduction of silver ion to silver molecule while taking in an electron
from the valence band of the nickel oxide semiconductor.

4.2.1. Concentration dependence of Deposition
potential
To understand the effect, the concentration of silver ions in the electrolyte has on the deposition
potentials of silver, three different solutions of silver nitrate were prepared. The concentrations of
the three solutions increased exponentially; 1 mM, 10 mM and 100 mM. Cyclic voltammetry was
performed using each of these solutions separately under illumination (1 sun) where the scan rate
was 0.05 V/s. Figure 4.4. (a, b, c) show the voltammograms for these solutions.
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Figure 4.4. First cathodic scan of cyclic voltammogram for the silver reduction
(a) 1 mM AgNO3 (b) 10 mM AgNO3 (b) 100 mM AgNO3
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The results obtained from the Figure 4.4 showed that there was a shift in the onset potential
towards positive as the concentration of silver ions in the electrolyte increased. The onset potentials
for 1 mM, 10 mM and 100 mM were at -0.15 V, -0.12 V and -0.05 V respectively. This trend is
consistent with other studies as well where the deposition of metals is directly proportional to the
concentration of solutions [8]. This trend of silver ion reduction with increasing concentration can be
explained in terms of Nernst equation [9], which is

----- 4.2
Where,
E = electrode potential (V)
E° = standard reduction potential of redox couple X/X- (V)
R = Gas constant (JK-1 mol-1)
T = Temperature (K)
n = number of electrons transferred (n=1 for silver)
F = Faraday’s constant (C mol-1)
CX- = concentration of silver reduced at the electrode (mol L-1)
CX = concentration of the silver ions in the solution (mol L-1)

From the Nernst equation, it can be observed that the electrode potential is directly proportional to
the ratio of X- to X. By increasing the concentration of ions in the solution (X), the electrochemical
potential moves towards the positive direction. This indicates the lowering of potential energy of the
system hence an ease in transfer of electrons to reduce the silver ions. The results obtained in
Figures 4.4 (a, b, c) were in accordance with the mathematical interpretation of Nernst equation. A
shift in voltage was observed from -0.15V to 0.05V over two orders of magnitude in this case that
indicated a 50 mV change per decade, which is very close to the theoretically determined value of
52.9 mV [9].
After determining the effect of concentration of silver solutions on the deposition potential,
chronoamperometry was employed to study the nucleation and growth mechanism of silver
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particles. A three electrode system was used where the working electrode was P1 sensitized NiO on
FTO, the counter electrode was platinum mesh and the reference electrode was Ag/AgNO3 with 0.1
M TBAP in acetonitrile. The system was illuminated with regular chopping of light with a 5 second
period of darkness followed by 20 seconds of illumination. The potential was selected where no
deposition was expected occur in the dark at voltage of -0.12 V. The chronoamperogram for the
process in shown in Figure 4.5.
Upon application of the potential, at time zero a current of -0.3 mA was observed. Upon 1 sun
equivalent illumination, a large Faradaic current was seen, which approached the limiting current
value within the first 20 seconds. The process continued throughout the test (which lasted for 100s)
with regular chopping of light for 5 seconds after 20 seconds. It was observed that the negative
current decreased during the dark intervals and recovered to the limiting value after the exposure to
light but not to the value before illumination. The current value didn’t decreased back to -0.25mA
even when the light was turned off and the process continued for a long period of time.
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Figure 4.5. Chronoamperogram for silver deposition from solutions with 10mM AgNO3
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Based on current transients obtained from different mechanisms, researchers have theorized that
the initial stages of electrochemical deposition of metals may follow either a 2D or a 3D nucleation
and growth process [10]. The most common model reported for the metal deposition is 3D
nucleation with controlled diffusion [11]. The nucleation processes can be of two types; (i)
instantaneous nucleation where the metal adatoms deposited grow uniformly and constantly
depending on the potential and the (ii) progressive nucleation where the adatoms of the metals
deposited grow at differing rates depending on time [10, 12]. The electrodeposition of silver has also
been explained on these two models in the past reports [5, 13].

4.2.2. Photocurrent dependency on silver salt
concentration
To study the effect of the silver salt concentration on the photocurrent produced during the silver
deposition under illumination, chronoamperometry was performed in a three electrode system. The
working electrode was P1 sensitized NiO on FTO, counter electrode was platinum mesh and the
reference electrode was Ag/AgNO3 in 0.1 M TBAP-acetonitrile. The concentrations of silver nitrate
used in the solutions were 1 mM, 10 mM and 100 mM. The potential was stepped up to potential 0.12 V vs. Ag/Ag+ and the measurement was taken for 100 seconds. The chronoamperogram
obtained are shown in Figures 4.6. (a, b, c).
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Figure 4.6. Chronoamperogram with photoresponse during silver deposition through solutions
with concentrations (a) 1 mM (b) 10 mM (c) 100 mM
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It was observed in the chronoamperometric measurements that all the three samples showed a dark
current (might be capacitance but not definitive as it was not examined here) at -0.12V in the dark
initially. Upon illumination a large faradaic current that approached the limiting value was observed
(seen in Figure 4.6). This limiting current was the value of faradaic current where largest rate of mass
transfer occurred as the Ag+ was being reduced to Ag0. It can be observed from the
chronoamperograms that the limiting currents for 1 mM, 10 mM and 100 mM solutions are -0.14
mA, -1.8 mA and -3.0 mA respectively. This proportionality of limiting current to the concentration of
silver ions in the solutions can be explained by Faraday’s law of electrolysis and Fick’s law of
diffusion.
As Faraday’s law of electrolysis is

---- 4.3
Where,
I = current (A)
n = number of electrons
A = Area of electrode surface (m2)
J = diffusion flux (m2/s)

And Fick’s law of diffusion is

---- 4.4
Where,
D = diffusion coefficient (cm-2s-1)
C = Concentration (mol/ m3)

Substituting equation 4.4 in equation 4.3

---- 4.5
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At the limiting current, the concentration at electrode drops to zero (Celectrode = 0)
Hence,

------ 4.6
According to the Equation 4.6 the limiting current is proportional to the bulk concentration of silver
ions in the solution. The results obtained through chronoamperometry were thus in line with the
mathematical interpretations of Faraday’ law of electrolysis, as the current increases with the
concentration. The increase was however not directly proportional rather the increase was 100 mA
when the concentration increased from 1 mM to 10 mM and it was 15 mA when the concentration
increased from 10 mM to 100 mM respectively. This anomaly might be because of the series
resistence of the system or the potential being applied might not be able to flow the current due to
the increased concentration of ions that give a resistance [9].

4.3. Quantification of silver deposited on the
electrode
The objective of this section was to confirm the photoelectrochemical deposition of silver metal on
the electrode surface and to quantify how many moles of silver were deposited under different
conditions of concentration and time.
For the determination of amount of amount of silver particles on the electrode three different
concentrations of silver nitrate in the deposition bath were selected; 1 mM, 10 mM and 100 mM
silver nitrate in acetonitrile with 0.1M TBAP supporting solvent. The deposition processes were
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carried out at three different time intervals; 30s, 100s and 300s for each of the three concentrations
of silver nitrate solution. The details of the procedures are as below

4.3.1. Integration of the current during deposition
process
In this procedure, I-t curves were measured in a three electrode system with P1 sensitized NiO as
working electrode, platinum mesh as the counter electrode and the Ag/AgNO3 in 0.1M TBAP in
acetonitrile as reference electrode. The deposition bath had three different concentrations of silver
nitrate salt; 1 mM, 10 mM and 100 mM and the deposition process was performed for 30s, 100s and
300s for each concentration of salt. The system was illuminated throughout the process under 1 sun
condition. As current (I) is the flow of charge (Q) per unit time (t) i.e.

hence the resulting I-t curves were geometrically integrated leaving the dark current, with the area
under the curve equal to the charge seen across the surface of the working electrode in the
experiment. The amount of silver deposited through this process under different conditions is
reported in Table 4.1. It must be noted that the amount of silver deposited on this electrode was
significantly less than that of platinum as calculated in Section 4.2.

4.3.2. Integration of current during the stripping
process
In this procedure, chronoamperometry was performed in a three electrode system with P1
sensitized NiO decorated with silver particles (deposited using the procedure explained in section
4.3.1), platinum mesh was used as the counter electrode and Ag/AgNO3 in 0.1M TBAP acetonitrile as
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the reference. The electrolyte used was acetonitrile with 0.1M of TBAP supporting electrolyte. A
potential of +0.45V was applied for five minutes to strip silver particles into the electrolyte, until the
current falls to zero, with the chronoamperograms was recorded as shown in Figure. 4.7. It must be
noted that the value of +0.45V was applied in order to avoid oxidizing the P1 dye which has a
reported oxidation potential of +0.46V [14].

Figure 4.7. Chronoamperogram for stripping silver from electrodes, where silver was deposited for
100 seconds

It can be observed from the chronoamperogram in Figure 4.7 that the area under the I-t curve is the
maximum for the sample on which silver was deposited from 100 mM AgNO3 solution whereas it is
the lowest for the sample on which silver was deposited from 1 mM AgNO3 solution. The samples
prepared from solutions with deposition times of 30s and 300s also showed a similar trend. These I-t
curves were integrated to calculate the area which was equal to the amount of silver stripped from
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the surface of the P1 sensitized NiO electrode. The amount of silver stripped into the solution is
shown below in Table 4.1.

4.3.3. Cyclic voltammetry of post-stripped solution
A three electrode system was used to perform cyclic voltammetry of the post-stripped solutions
obtained in section 4.3.2 the working electrode was a platinum disc, counter electrode was platinum
mesh and the reference electrode was Ag/AgNO3 in 0.1M TBAP- acetonitrile. The scan rate was 0.05
V/s. The voltammogram is shown in Figure 4.8.
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Figure 4. 8. Voltammogram for the post-stripped solutions of silver

The anodic scan started from -0.5V and saw a sharp oxidation peaks at +0.01 V in for the cases of
10mM and 100mM concentrations. For the case of 1 mM concentration the reduction sweep was
rather flat. After completing the anodic scan, the cycle was completed with the cathodic scan where
there was an offset for reduction of silver ions at -0.12 V for 100 mM solution and it shifted to
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negative with the lower concentrations. These offset values were very close to the values in Section
4.2.
As explained in the section 4.2, Randles-Sevcik equation can be used to relate the peak current to
the concentration of silver ions in the electrolyte [1].
The value of the diffusion constant D was 9.4 X 10-5 cm2/s as taken from [2]. As the reduction of
silver is a one electron process, the number of electrons oxidized is equal to the amount of silver
reduced. By using the peak current from the oxidation scans of the post-stripped solutions and
substituting them in the Randles-Sevcik equation the amount of silver stripped into the solution was
calculated in Table 4.1. It was observed that for a given concentration the moles of silver deposited
increased with time. It was also observed that for a given deposition time the amount of silver
deposition increased with the concentration of the silver salt.
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Table 4.1. Amounts of silver deposited under different conditions
Concentration Time Amount

of

silver Amount

deposited (moles)

of

stripped (moles)

silver Amount of silver from
Randles-Sevcik equation
(moles)

1 mM

30s

3.94 E-08

1.62 E-08

2.30 E-14

1 mM

100s

1.28 E-07

5.71 E-08

2.31 E-14

1 mM

300s

8.08 E-07

1.71 E-07

1.19 E-13

10 mM

30s

5.14 E-07

3.27 E-07

5.92 E-14

10 mM

100s

1.09 E-06

1.56 E-06

1.57 E-13

10 mM

300s

4.69 E-06

2.31 E-06

3.73 E-13

100 mM

30s

3.7 E-06

8.63 E-07

1.70 E -13

100 mM

100s

4.17 E-06

3.06 E-06

4.79 E -13

100 mM

300s

2.26 E-05

9.59 E-06

4.11 E -12

From the Table 4.1, it can be seen that the amounts of silver calculated from integrating the
chromatograms were closer to each other as compared to the amount calculated though RandlesSevcik equation. The decrease in amount in the latter case may be attributed to the fact that the
silver that it stripped from the electrode might have remained entangled on the NiO nanoparticles
not properly dissolved into the electrolyte.
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4.4. SEM investigation of silver particles deposited on
the electrode
SEM was performed to inspect the silver particles deposited on the surface of the samples of
different concentrations and deposition time on the size and morphology of particles.

4.4.1. Effect of concentration
SEM images of P1 sensitized NiO without silver and with silver deposited a from 1 mM, 10 mM and
100 mM solutions for a constant time of 100s are shown in Figures 4.9. (a, b, c, d)
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Figure 4.9. SEM images of (a) P1 sensitized NiO without silver and silver particles deposited for
100s on P1-NiO from solutions with concentrations (b) 1 mM, (c) 10 mM and (d) 100 mM AgNO3 in
acetonitrile with 0.01M TBAP supporting electrolyte (e) SEM image for silver EDS map data for 10
mM deposition (f) Silver EDS map data

The SEM images of the electrodes showed an increase in the size and number of silver particles (also
indicated by EDS shown in Figure 4.10) on the electrodes with increasing concentration of silver in
the electrolyte. The silver deposited with 1 mM concentration on the electrode took the shape of
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small clusters of well-defined 3D polygonal particles scattered on the surface and had a size of 0.5
µm. With the increase in concentration to 10 mM, the deposited silver grew in size to 2 µm. At the
highest concentration of 100 mM, the silver particles transformed into 3 µm flakes. This behaviour
of conversion of polygonal silver particles into flakes has also been demonstrated by Kuntyi et al.
where silver particles were electrodeposited at ITO glass [15, 16]. An EDS graph of the silver
deposited on P1 –NiO electrode from 10 mM solution (shown in Figure. 4.10), shows the atomic
percentage of 2.5%.

Figure. 4.10. EDS for electrode with silver (deposited from 10mM solution for 100s)

The SEM image and its EDS map data for a silver decorated electrode with solutions having 10 mM
concentration are shown in Figure 4.9 (e, f). The map data of the SEM images for silver also confirms
the presence of clusters of silver. The comparison of map data with the SEM images show that the
size of silver particles was in the order of 2µm and the clusters was of silver were scattered along the
surface randomly without any apparent pattern. Also the distribution of silver clusters on the surface
was not uniform and it might be possible to deposit more precisely as done before in past reports
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[17]. Unfortunately, this system cannot give better spatial resolution. Therefore it becomes part of
the future work.

4.4.2. Effect of deposition time
The SEM images of silver deposited on P1 sensitized NiO for 300s from 10 mM silver nitrate solutions
are shown in Figure 4.11.

b

a

Figure 4.11. SEM images for silver deposited from 10 mM solution
for (a) 30s and (b) 300s

Comparing the figures 4.9 (b) and 4.11 (a, b), it was observed that if the concentration is kept
constant with the increase in deposition times, the size of silver particles seemed to increase. The
shape changes from polygonal particles to the long needle-like particles. This is also in accordance
with the past work [15]. In this case, the crystal growth was also constant and uniform with time as
described in past work [10].
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4.5. Conclusion
The main objective of this chapter was to develop a protocol for photoelectrochemically deposit
silver particles on the surface of P1 sensitized NiO electrode. The deposition potential of silver
particles on the electrode surface proved to be dependent on both the concentration of silver ions
present in the electrolyte and the time of deposition. As the concentration of silver ions in the
solution increases, the deposition potential shifted in a positive direction, indicating an ease in
reduction. Similarly, the limiting current of the process also increased as the concentration
increased.
The quantification of silver was done by three methods; integrating the deposition and stripping
curves and the use Randles-Sevcik equation, which gave a reliable indication of amount of silver
deposited on the surface. The morphology of silver particles deposited from different concentrations
and time was also studied. The size of silver particles photodeposited on the surface of electrolyte
increased with the concentration and deposition time. Thus a P1 sensitized NiO electrode deposited
with silver was successfully made without desorbing the dye and it had good chances to be used a
photocathode for carbon dioxide reduction. However this must be noted that the size of silver
particles deposited was large (in micrometers range) and it has been demonstrated before that the
catalytic activity of silver is better with the decreasing size particularly in nanometers [18].
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Chapter 5: Photoelectrochemical
Carbon Dioxide Reduction
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5.1. Introduction
In this chapter, carbon dioxide reduction performance of the electrodes prepared in Chapters 3 and
4 was examined. The silver deposited on the surface of P1 sensitized nickel oxide electrode was
expected to reduce carbon dioxide into simple C1 products like CO, HCHO, CH4 or CH3OH as it has
been reported in the literature [1, 2]. The initial steps to produce the carbon products with least
number of electron transfer like carbon monoxide involves the transfer of electron from the
electrode and proton from the electrolyte to the carbon dioxide molecule to form a *COOH specie
adsorbed on the surface of silver catalyst. This *COOH undergoes the loss of water with an addition
of another proton and electron to produce *CO which is weakly bound to the surface of silver
catalyst. It desorbs easily giving carbon monoxide as major product [1]. This has been shown in the
electrochemical equations as shown in Table 1.2. of Chapter 1.
The catalytic activity of the P1 sensitized NiO decorated with silver was measured through Faradaic
efficiency, which is the measure of its selectivity towards a specific product and is calculated as a
percentage of total charge that is used in the formation of that specific product. Faradaic efficiency
is represented in mathematical form as:

where, z is the number of electrons exchanged (for CO it is two), n is the number of moles of CO
based on gas chromatographic analysis, F is the Faradaic constant, i is the current and t is the time
[3].
The photoelectrochemical reduction of carbon dioxide was carried out by chronoamperometry while
gas chromatography and NMR spectroscopy were performed to detect and quantify the gaseous and
liquid products respectively.
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5.2. Determination of onset potential of carbon dioxide
Linear sweep voltammetry was employed to determine the potential required for the reduction of
carbon dioxide on the P1 sensitized NiO electrode with silver particles. A three electrode system
was used in an H-cell. The two compartments of the H-cell were partitioned by a Nafion membrane
which allows the selective transfer of protons. P1 sensitized NiO, decorated with silver particles was
used as the working electrode, platinum mesh was used as counter electrode while the Ag/AgNO3 in
0.1M TBAP in acetonitrile. The electrolyte used for the process was 0.1 M TBAP in acetonitrile with
5% water, which was shown in Chapter 3 to lead to the lowest percentage of P1 dye desorption. The
inclusion of water provided the protons required for the CO2 reduction process. Water was oxidized
into molecular oxygen and protons at the anode which initially dissolved in electrolyte and then
bubbled as the saturation point was reached. The half reactions at cathode and anode can be
summarized as below.
At anode:
At cathode:

2H2O → O2 + 4H+ + 4eCO2 + 2H+ + 2e- → CO + H2O

The electrolyte was saturated with carbon dioxide for half an hour before the procedure and the
whole procedure was carried out under illumination with regular chopping after twenty seconds. A
comparison was made with linear sweep voltammetry among NiO electrode, P1 sensitized NiO
electrode and P1 sensitized NiO with silver particles as shown in Figure 5.1.
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Figure 5.1. Linear sweep voltammetry for carbon dioxide reduction on NiO electrode, P1 sensitized
NiO electrode and P1 sensitized NiO with silver electrode in acetonitrile with 5% water. The
system was saturated with carbon dioxide prior to testing and sealed during the test.

The electrode with only NiO showed a very small photoresponse in current. It was observed that the
current increased in the negative direction with the scan and upon exposure to light, a
photoresponse was also observed. The dark current for the P1 sensitized NiO electrode showed little
variation across this voltage range but also showed a photoresponse. In the case of P1 sensitized NiO
with silver particles, the positive current decreased and became negative at -0.35 V indicating the
start of reduction process thus the onset potential. The photoresponse in this case was 0.1 mA larger
than the electrode without silver particles. This increase in current can be attributed to the
photogenerated electrons that increase the current as explained in past work [4] and has also been
observed in other photocatalysts with silver co-catalysts [5]. It was observed that the photoresponse
in the case of P1-NiO with silver was nearly double to that of P1 sensitized NiO at the potential of 0.55 V. This was similar to the case in which CODH enzyme has been tested for photoresponse at 0.25 V [6]. Hence the onset potential for carbon dioxide reduction was observed to be -0.35 V which
was then applied during light assisted chronoamperometery.
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5.3. Photoelectrochemical reduction of carbon dioxide
Chronoamperometry was performed to study the reduction of carbon dioxide over time and the
effect of light. For this purpose a three electrode system was employed in an H-cell with two
compartments, separated by a proton selective Nafion membrane (inhibits electron movement). The
working electrode used was P1 sensitized NiO electrode with silver particles deposited from 10 mM
silver nitrate solution. The counter electrode was platinum mesh and the reference electrode was
Ag/AgNO3 in 0.1M TBAP in acetonitrile. The electrolyte used was 0.1 M TBAP in acetonitrile with 5%
water. The whole system was sealed to make it air tight and the electrode was illuminated with
regular intervals of light chopping. The process was performed twice to ensure the reproducibility
for 10 minutes (600s) each time with fresh electrolyte (once it was saturated with carbon dioxide
and the other with argon) and freshly prepared working electrodes so that, a comparison could be
made for the reduction of carbon dioxide with an inert gas like argon. The potential applied for
chronoamperometry was -0.35V as seen from the Section 5.2. The chronoamperograms are shown
in Figure 5.2.
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Figure. 5.2. Chronoamperogram for P1 sensitized NiO with silver particles in acetonitrile (5%
water) saturated with argon and carbon dioxide at -0.35 V.

The photocurrent observed in the case of electrolyte saturated with argon gas was negligible as
compared to what was seen in the presence of carbon dioxide. In the case of electrolyte saturated
with carbon dioxide, however there was a large cathodic photocurrent initially of -0.17mA, which
eventually stabilized after around 200s at -0.15 mA. During the dark intervals (10s after every 100s),
the current reduced to -0.05mA. But it returned to the value of -0.15 mA, upon reilluminating the
cathode. The light chopping was done 4 times and every time the current was regained after
chopping. Hence it could be concluded that there was a photoreduction process occurring in the
system related to carbon dioxide.
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5.4. Identification and quantification of products
To identify and quantify the reduction products, gas chromatography was used for gaseous products
and NMR spectroscopy was used for any dissolved or liquid products.

5.5. Gas Chromatography
Gas chromatography was utilized to identify the gaseous products formed in the reaction. A
calibration curve was taken with carbon dioxide in the system but without any reaction to identify
the carbon dioxide peak as shown in Figure 5.3

Figure 5.3. Callibration curves for CO2 Gas Chromatography

The reduction procedure as explained in Section 5.3 was repeated however in this experiment, a
stream from the reactor was subjected to the inlet of the gas chromatograph. The process was
carried out for 5 minutes and a sample was taken for analysis in the gas chromatograph directly to
the GC via condenser. During the whole process the gas exiting from the H cell and entering the gas
chromatograph had a flow rate of 2.05 ml/min. The chronoamperogram for the process is shown in
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Figure 5.4. A bias of -0.35 V vs. Ag/Ag+ was applied. After 20 seconds in the sample was illuminated,
resulted in the photocurrent of -0.09 mA, which persisted the remainder of the system. The gas
chromatograph for the process obtained from FID is shown in Figures 5.5.
A peak was obtained in chromatograph 5.5, at just before 12 min which was the calibrated retention
time that represented carbon monoxide (During the background measurement with argon gas no
peak appeared at this point).The peak was extremely small. The corresponding area for this peak
was 5765. As the calibration was done for the process of CO2 reduction into CO, hence the number
of exchanged electrons was 2. The flow of gas at the inlet of chromatograph was measured to be at
2.05 ml/min. The number of moles of CO gas produced was found by ideal gas equation

------ (5.2)
Where, P, V, n, R and T represent pressure, volume, number of moles, ideal gas constant and
temperature. The carbon dioxide reduction process was carried out at room temperature conditions
where temperature was 25 C and pressure as 1 atm. The loop in the gas chromatograph had a
volume of 1 ml and we know that 1 mol of any gas occupies 22.414 dm 3 volume at STP, hence the
number of moles for 1 ml was calculated accordingly. Hence using Equation 5.1, the Faradaic
efficiency was calculated and listed in Table 5.1.
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Figure. 5.4. Chronoamperogram for CO2 reduction on P1 sensitized NiO with silver particles
(Experiment 1)
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Figure. 5.4. Gas chromatograph from FID for CO2 reduction on P1 sensitized NiO with silver. Inset
shows the zoomed in peak.
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The experiment was repeated again but for 400 sec, where after 5 minutes (300s) light was chopped
for 20s after every 80s. The current in this case was -0.03 mA which was regained after the light was
chopped. The figure 5.5 shows the chronoamperogram and the figure 5.6 shows the chromatogram
for the process.
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Figure. 5.5. Chronoamperogram for CO2 reduction on P1 sensitized NiO with silver particles
(Experiment 2)
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Figure. 5.6. Gas chromatograph from FID for CO2 reduction on P1 sensitized NiO with silver. Inset
shows the zoomed in peak

Again in this case the peak for carbon monoxide was obtained at around 12 min. In this case too, the
peak for carbon monoxide was very small and the corresponding area of the peak was 2921. The
Faradaic efficiency of this experiment was calculated and is given in Table 5.1 below.

Table 5.1. Faradaic Efficiency
Experiment

Faradaic

efficiency Faradaic efficiency (Carbon Faradaic

(Hydrogen) %

monoxide) %

%

1 (Fig. 5.1)

0

2.98

2.98

2 (Fig 5.2)

0

5.00

5.00

efficiency
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5.6. NMR Spectroscopy
The NMR spectroscopy was employed to determine if there was any liquid or dissolved product
resulting from CO2 reduction, present in the cell. For this purpose a sample was taken from the
electrolyte after the reduction process and mixed with deuterated acetonitrile in a 10 : 90 ratio. To
increase the sensitivity of NMR, the number of scans for measuring 1H spectra was 3072. This was
done to detect all the compounds present even if in a minute amount. The NMR spectroscopy
results for the post-reduction electrolyte are shown in Figure. 5.7. (a, b).

(a)
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(b)

Figure 5.7. (a, b) NMR spectra of post-reduction electrolyte.

In the spectra (a), a triplet signal was observed at 1 ppm corresponding to the methyl group. Also
there were signals at 1.3, 1.5 and 3 ppm indicating the presence of ethyl groups. All these groups
indicated the structure for tetrabutyl ammonium ion. The signal at 2 was due to the residual
acetonitrile present. In the spectra (b), small signals for P1 dye were obtained in the region from 7 to
8.5 (aromatic signals). These signals for P1 dye were also in accordance with the past report [7]. In
the spectra (a), there was a signal at 2.6 ppm which was equivalent for water. The presence of water
was confirmed with 2D-NMR, as shown in Figure 5.8.
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Figure 5.8. 2D NMR for post reduction electrolyte

In the figure 5.6, four cross peaks were obtained at 1, 1.3, 1.5 and 3 ppm indicating the presence of
methyl and ethyl groups of the acetonitrile while there was no crosspeak for carbon at 2.6, hence it
was assumed to be water as there is no carbon in the water.
In both the experiments of gas chromatography, the current was sustained at the values of -90 µA
and -30 µA throughout the process. This indicated that the systems were stable in their
electrochemical reactions however there were discrepancies in between the two systems as the
values of current differed from each other. This variation can be because of the presence of
impurities in the form of charges on to the surface of electrodes. The currents obtained in these
experiments were comparable to the work done with enzymes [6]. However, the Faradaic efficiency
for CO was very low in both cases with no liquid products detected. This indicates that the silver
clusters on the electrode might not be able to hold multiple electrons. One of the reasons for bad
catalytic activity of silver can be the size of silver. In the case of electrodes prepared the size of silver
was around 0.2 µm. Kim et. al. and co workers have shown the optimized size of silver particles to be
5 nm [8]. The bigger the size of particles the lower is the catalytic activity because of loss of surface
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area available. Also the morphology of silver can play an important role in the catalytic behaviour.
For example it has been shown that Ag(110) has a superior catalytic performance towards CO
production as compared to Ag(111) or Ag(100) [9, 10]. There is also a possibility that the silver was
not properly attached to the dye and the photoexcited dye is unable to transfer its electrons to the
silver resulting in lower Faradaic efficiency of the system. The presence of current within the system
can be attributed to the oxidation of dye that results in desorption from electrode.

5.7. Discussion note on Errors in the Results
As evidenced from the results in Figures 5.5 and 5.7 respectively, the peak of carbon dioxide is very
close to that of carbon monoxide. This can make it extremely difficult to calculate the area under the
curve. There can be different types of errors for which care needs to be taken. Fortunately the
software being used had a measuring tool with a zoom option to measure area. The air can contain
varying levels of oxygen, carbon dioxide and carbon monoxide depending upon the proximity of
experimental setup from industrial areas, which compete with the overall efficiency of the system.
To reduce this error, the reactor was purged with carbon dioxide for an hour before the start of
experiments. The calibration curve of the Gas chromatograph as shown in Figure 5.3 shows a near
straight line with R2 value of 0.999. This represents a good calibration and indicates that the chances
of error in the measurements are low. Overall the low efficiency of silver in the case might be
attributed to the inability of the dye to adhere under applied potential for a long time. The zero
production of carbon monoxide under dark conditions can be attributed to the fact that a more
negative potential of -1.798V vs. Ag/Ag+ is required [11] as compared to the -0.35V vs. Ag/Ag+ being
applied during the process.
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5.8. Conclusion
A current was produced when the carbon dioxide was subjected to photoelectrochemical reduction
on the electrodes prepared in Chapters 3 and 4. The presence of current in the system indicates the
electrochemical exchanges in the system. However the low Faradaic efficiency of the system when
analysed through gas chromatography and NMR spectroscopy indicates that the silver deposited on
the electrode had a low catalytic ability. However it is also possible that other products were
produced during the process but have not been detected due to minute quantities which were
unable to be detected by GC and NMR due their sensitivity constraints.

5.9. References
1.
2.

3.

4.

5.
6.

7.
8.

9.

10.

Hatsukade, T., et al., Insights into the electrocatalytic reduction of CO2 on metallic silver
surfaces. Physical Chemistry Chemical Physics, 2014. 16(27): p. 13814-13819.
Ichinohe, Y., T. Wadayama, and A. Hatta, Electrochemical reduction of CO2 on silver as
probed by surface-enhanced Raman scattering. Journal of Raman Spectroscopy, 1995. 26(5):
p. 335-340.
Choi, J., et al., Energy efficient electrochemical reduction of CO2 to CO using a threedimensional porphyrin/graphene hydrogel. Energy & Environmental Science, 2019. 12(2): p.
747-755.
Maeda, K., et al., Roles of Rh/Cr2O3 (Core/Shell) Nanoparticles Photodeposited on VisibleLight-Responsive (Ga1-xZnx)(N1-xOx) Solid Solutions in Photocatalytic Overall Water
Splitting. The Journal of Physical Chemistry C, 2007. 111(20): p. 7554-7560.
Sagara, N., et al., Photoelectrochemical CO2 reduction by a p-type boron-doped g-C3N4
electrode under visible light. Applied Catalysis B: Environmental, 2016. 192: p. 193-198.
Bachmeier, A., et al., Selective Visible-Light-Driven CO2 Reduction on a p-Type Dye-Sensitized
NiO Photocathode. Journal of the American Chemical Society, 2014. 136(39): p. 1351813521.
Tani, S., et al., PROTON NMR STUDIES ON RHODAMINE B IN AN AQUEOUS CLAY
SUSPENSION. Clay Science, 2009. 14(2): p. 81-86.
Kim, C., et al., Achieving Selective and Efficient Electrocatalytic Activity for CO2 Reduction
Using Immobilized Silver Nanoparticles. Journal of the American Chemical Society, 2015.
137(43): p. 13844-13850.
Hoshi, N., M. Kato, and Y. Hori, Electrochemical reduction of CO2 on single crystal electrodes
of silver Ag(111), Ag(100) and Ag(110). Journal of Electroanalytical Chemistry, 1997. 440(1):
p. 283-286.
Mahyoub, S.A., et al., An overview on the recent developments of Ag-based electrodes in the
electrochemical reduction of CO2 to CO. Sustainable Energy & Fuels, 2020. 4(1): p. 50-67.

106
11

Zhou, F., et al., Highly selective electrocatalytic reduction of carbon dioxide to carbon monoxide
on silver electrode with aqueous ionic liquids. Electrochemistry Communications, 2014. 46: p.
103-106

107

Chapter 6: Conclusions and Future
Recommendations
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6.1. Thesis Conclusions

The photoelectrochemical reduction process for carbon dioxide has bright chances to be
commercialized in the near future however to realize this progress, a suitable photocathode with
high Faradaic efficiency has to be prepared. In this thesis, a number of different questions related to
this issue have been addressed.
The use of p-type dye sensitized electrode, with a suitable dye is one of the most important steps
towards the realization of this technology. As the semiconductor provides an advantage of being
photoexcited to initiate the reduction reaction, the dye plays an important role in widening the
range of light spectrum that can be absorbed for reaction. In this thesis, P1 dye was concluded to be
the best dyes among the ones available. This was due to its strong adherence to the nickel oxide
semiconductor and the ability to photoexcite in the visible spectrum of light.
A photoelectrochemical method of silver deposition on the P1 sensitized electrode was invented for
the first time, unlike that of semiconductors without dyes, where the silver deposition can be
controlled through changing the concentrations of deposition baths and the deposition times. The
addition of silver as a co-catalyst on the semiconductor was also an important step in replacing
enzymes that are sensitive to temperature and pH conditions. Two different electrochemical
methods were used to calculate the amount of silver deposited (i) by integrating the
chronoamperograms and (ii) Randles-Sevcik equations. Out of these two methods, the results for
integration of chronoamperograms were more accurate and presented a smaller difference in
amounts of silver deposited. The crystallization behaviour of silver was similar to that reported in the
past.
The use of P1 sensitized NiO electrode decorated with silver was also tested for
photoelectrochemical reduction of carbon dioxide and a current comparable to that with the use of
enzymes was obtained in the process. The products of this process were also analysed through gas
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chromatography and NMR spectroscopy. A tiny amount of carbon monoxide was detected with a
low Faradaic efficiency. However the presence of a current comparable to the reports before makes
this electrode an important step towards the development of stable dye sensitized photocathode for
the reduction of carbon dioxide.

6.2. Future Work

Based on the conclusions made in this thesis, it will be fair to hope for better technology for carbon
dioxide reduction based on dye sensitized photoelectrodes. This will require work in several
directions
1. An improvement in the adherence of anchoring groups of dyes for p-type semiconductors,
so that the dye desorption can be completely stopped.
2. A detailed study in the crystal growth and binding mechanism of silver on the electrode
surface.
3. A further investigation to study the crystal properties of silver deposited on the electrodes,
mainly by XPS so that the exact silver specie can be found out.
4. Efforts to increase the Faradaic efficiency of the reduction process.
5. Further experiments with different electrolytes to investigate the photoelectrochemical
reduction process.
6. Discovering new semiconductor/dye/metal combinations and testing for the carbon dioxide
reduction process.
7. A further in depth study to deposit silver particles in a smaller size (in the order of nm) as the
catalytic performance increases with a decrease in size of the particles. One of the strategies
to deposit silver particles in a nanometer range is the use of surfactants like
cetyltrimethylammonium bromide (CTAB) in ionic liquid microemulsions as done by Li et. al.
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[1]. The ionic liquid 1-butyl-3-imidazolium chloride was used as a co-surfactant to form
microemulsions which resulted in the generation of silver nanoparticles of the size 4 - 7 nm.
The size of nanoparticles could be decreased with the increase in concentration of ionic
liquid and the surfactant.
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